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Introduction

Prostate Cancer (CaP) continues to be the most frequently occurring malignancy (aside from
skin cancers), found in American men. IGFBP-3 is a potent inducer of apoptosis in both
androgen-dependent and androgen-independent prostate cancer lines. When the nuclear
receptor RXRalpha was described as an unexpected intracellular binding partner for IGFBP-3
and effects on DNA transcription were demonstrated, rapid effects of IGFBP-3 on programmed
cell death (apoptosis) still could not be explained. These rapid effects on apoptosis were
clarified when | hypothesized that IGFBP-3 was a biological signal for Nur77 nuclear receptor
translocation to the mitochondria where an apoptotic cascade is initiated. This project will
determine scientifically the protein regions in each of these important cell death molecules that
essential for apoptotic action and demonstrate this observation with mouse models. The
innovative aspects of this grant include: (1) Characterization of a novel interface (i.e.
mitochondrial localization) of nuclear receptor / IGFBP superfamilies in the initiation of tumor
programmed cell death; (2) Development of pre-clinical mouse models of prostate cancer that
can be used to assess therapies that exploit the IGFBP-3:Nur77:RXR cell death pathway; and
(3) provide a compelling rationale for Phase | studies of IGFBP-3 (or small molecule mimetics of
this pathway) in men with prostate cancer.



Body

Task 1.Characterize IGFBP-3 protein-protein interactions and mitochondrial targeting in vitro
and demonstrate that they are essential for IGFBP-3 induced apoptosis.
a. Confirm IGFBP-3/RXR/Nur77 ternary complex formation via protein-protein
interaction studies. (Months 1-6)
We have established association as published in our Carcinogenesis paper in 2008 and
referenced in that year’s progress report.

b. Validate a putative nuclear export sequence (NES) in IGFBP-3. (Months 7-9).

i. Corroborate a CRM1-dependent export
mechanism utilizing the specific inhibitor
LMB.

We initiated this experiment several
times and unfortunately the CRM1
inhibitor LMB  induces massive
apoptosis in our system. This was
observed in spite of performing careful
dose response experiments. We
speculate that this may be due to
inhibition of nuclear export by nuclear
survival factors.

Fig. 1. Impaired Nuclear Export of IGFBP-3 retains
RXRa/Nur77 heterodimers in the nucleus and
abolishes the apoptotic actions of IGFBP-3. (A)
Overexpression of mNES IGFBP-3 in 22RV1 cells
induces nuclear retention of RXRa/Nur77 protein
complexes compared to WT IGFBP-3 overexpression.
Mock transfection and co-immunoprecipitation with
control 1gG are shown on the Ileft After
overexpression, cell lysates were fractionated and
immunoprecipitation performed as indicated (B)
Transfection of wild-type IGFBP-3 in 22RV1 cells
increased oligonucleosomal fragments by 56%
compared to empty vector transfection control.
Retaining IGFBP-3 in the nucleus by mutating the NES
blocked the ability of IGFBP-3 to induce apoptosis.

IGFBP-3 GFP
analyze  with

ii. Create NES mutant
fusion  protein  and

heterokaryon assay.

We were unable to achieve optimal
proximity of human and mouse cell
nuclei to assess nuclear export of
IGFBP-3 while maintaining
visualization on confocal microscopy.
This may be a function of our
particular system and we did not
pursue it further. Secondary to these
limitations, we proceeded directly to
site-directed mutagenesis.

We have recently published the
presence of a NES in IGFBP-3 and

validated function by site-specific mutagenesis (Appendix 1). We have demonstrated
rapid IGF-independent nuclear localization of IGFBP-3 and cytoplasmic export.

We have previously described nucleo-mitochondrial translocation of nuclear receptor
RXRao/Nur77 heterodimers to activate the mitochondrial pathway in apoptosis induction
by IGFBP-3. We studied the effect of overexpressing mNES IGFBP-3 on the
subcellular localization of RXRa/Nur77. Mutation of the IGFBP-3 NES did not impair
interaction with RXRa. or Nur77 (data not shown). mNES as well as WT IGFBP-3
expression vector was transiently transfected in 22RV1 CaP cells and cell lysates were
fractionated into nuclear and cytoplasmic fractions. Fractions were then
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immunoprecipitated with anti-RXRa antibody and immunoblotted with anti-Nur77.
Overexpression of mMNES IGFBP-3 results in a marked increase in nuclear retention of
RXRo/Nur77 (Figure 1A), impairing nuclear export of important mediators of the
apoptotic action of IGFBP-3.

To directly examine the functional relationship between the localization of IGFBP-3
and its effects on apoptosis, we transiently transfected 22RV1 prostate cancer cells with
expression vector, wild-type (WT) IGFBP-3, and mNES IGFBP-3 (Figure 1B).
Transfection of wild-type IGFBP-3 in 22RV1 cells increased oligonucleosomal
fragments, as measured by a cell death ELISA, by 56% compared with empty vector
transfection control. Retaining IGFBP-3 in the nucleus by mutating the NES completely
inhibited the ability of IGFBP-3 to induce apoptosis. These studies confirm the integral
role of extranuclear trafficking of IGFBP-3 via its NES for its apoptotic properties.

C. Delineate the mitochondrial targeting sequence (MTS) in IGFBP-3. (Months 7-9).
A mitochondrial targeting
sequence (MTS) lies within the N-
terminal domain of IGFBP-3.

To further support mitochondrial
localization of IGFBP-3, we
analyzed IGFBP-3's AA sequence
with  MitoProt (http://psort.ims.u-
tokyo.ac.jp/form.html). This
calculates the N-terminal protein
region that can support a
Mitochondrial Targeting Sequence

and the cleavage site. The
mitochondrial localization of
IGFBP-3 is based on

hydrophobicity of its leader
sequence. This predicts import into
the mitochondrial matrix and

Figure 2. Subcellular localization of IGFBP-3 mutants | Cleavage between AA13 and 14.

(A) Recognition of mutant IGFBP-3 by IGFBP-3 antibody.
(B) mNES BP-3 accumulates in the nucleus. 22RV1 cells
were transfected with WT and mutant IGFBP-3 expression
vectors, and fractionated into cytoplasmic and nuclear
fractions 48 hours after transfection. BP-3 NES mutant
shows increased amounts in nuclear versus cytoplasmic
fractions compared to WT IGFBP-3. No known proteolytic
sites or N-glycosylation sites in BP-3 are being affected in
the A MTS mutant. C — cytoplasmic fraction; N — nuclear
fraction (C) Immunofluouresence of transfected WT and
mutant IGFBP-3 in 22RV1 prostate cancer cells. Green -
anti-FLAG (IGFBP-3), blue - DAPI (nuclear staining).

subcellular localization.

We constructed a mutant
NES IGFBP-3:FLAG (C-terminal)
fusion consisting of leucine to
alanine conversions at residues
197 and 200, since analogous
mutations in other NES-containing
proteins have been reported to
prevent nuclear export. Wild-type
or mutant NES:FLAG constructs
were cloned in expression vectors;
verified by sequencing; and
transiently transfected to assess

In addition, the AMTS mutant was generated by deletion of the

MTS between AA 27 and 40 with preservation of the signal peptide.
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Western immunoblotting revealed that anti-IGFBP-3 antibody recognized the mutant
NES as well as the AMTS protein (Fig 2A). Fractionation of transfected 22RV1 prostate
cancer cells into nuclear and cytoplasmic fractions revealed that whereas WT IGFBP-3
had equal distribution between nuclear and cytoplasmic fractions after 48 hours
transfection, BP-3 NES mutant shows increased amounts in nuclear versus cytoplasmic
fractions compared to WT IGFBP-3 (Fig 2B). Immunoblotting with DNA PKC and
Hsp60 were used to assess purity of the nuclear and cytoplasmic fractions respectively.
No significant change in subcellular distribution as assessed by these fractionation
methods was noted in the AMTS IGFBP-3 mutant.

Analysis by indirect immunofluoresencent confocal microscopy correlated with
subcellular subfractionation for IGFBP-3 localization with known mitochondria/ER
markers (Fig 2C). No known proteolytic sites or N - glycosylation sites in BP-3 are
being affected in the A MTS mutant.

Association of IGFBP-3
with Mitochondria and
Endoplasmic Reticulum
in vitro. In an attempt to
obtain more detailed
information on IGFBP-3
subcellular protein
localization of endogenous
IGFBP-3 in 22RV1
prostate cancer cells, we
turned to subcellular
fractionation via a protocol

Figure 3. Endogenous Mitochondria and ER Localization of
IGFBP-3. (A) 22RV1 prostate cancer cells were fractionated into
Lane 1- Mitochondrial Fraction; Lane 2-MAM (Mitochondria
Associated Membranes); Lane 3-ER (Endoplasmic Reticulum); and
Lane 4—Pellet from MAM. (b) Co-localization (yellow) of IGFBP-3
(green) with Mitochondrial (Mitotracker - red) and ER markers (PDI -
red) by immunofluouresence confocal microscopy.

that combines differential
and Percoll gradient
centrifugations as this is
the preferred method for
higher purity fractions. The
internal membranes were

segregated into
mitochondria (Fig 3A, Lane 1), mitochondria-associated membrane (MAM; Lane 2),
endoplasmic reticulum (ER; Lane 3), and a pellet from the MAM fraction that was
collected at low g centrifugation, representing an intermediate zone between
mitochondria and MAM fraction (Lane 4). The MAM fraction, a subdomain of the ER,
which consists of membrane tubules that provide direct physical contact between the
ER and mitochondria, was fractionated to high purity. The presence of IGFBP-3 in the
various membrane fractions was assessed by immunoblotting. The relative purity of the
fractions was assesed by the presence of specific marker antibodies (Hsp60 —
mitochondria; PDI — ER, ACSL4 — MAM). Under baseline conditions in vitro IGFBP-3
localizes to the mitochondria (Lane 1), and is even more abundantly represented in the
ER and MAM membrane fractions (Lane 2 and 3 respectively).

Bcl-2 expression is detected in all membrane fractions as well as has been previously
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described. RXRa was detected most prominently in the mitochondria fraction, as well as
a faint presence in the MAM. RXRa presence in Lane 4 likely represents mitochondria
in this transitional layer. In addition, another binding partner of IGFBP-3, Nur77 was
also identified in the MAM and ER, with faint presence in the mitochondrial fraction.
Mitochondrial localization of RXRoa and Nur77 has been described previously.
Immunoflourescence studies revealed co-localization of endogenous IGFBP-3 with
Mitotracker and PDI, an ER marker, consistent with the subcellular fractionation studies
(Fig 3B).

Mitochondrial targeting
— e m e — - - of IGFBP-3 in vivo. To
determine whether
administered IGFBP-3 is
targeted to mitochondria in
vivo, we administered
saline or recombinant
human IGFBP-3 (Insmed,

_ _ Inc.) at 40 mg/kg IP divided
Figure 4. Prostate Cancer Xenografts Internalize| wvice a day for 3 days to

recombinant human IGFBP-3 (rhIGFBP-3) which| o0 scID mice carrying
localizes to mitochondria in vivo. 22RV1 CaP xenografts 22RV1 prostate cancer
on SCID male mice were treated with IGFBP-3, .
mitochondria were isolated, and immunoblotted for IGFBP- tumors. ~ Qver this short
' time period, tumor size did

3. not decrease (data not
shown) as we have
described for a longer
incubation, and as others have described in a transgenic model utilizing a non-IGF
binding mutant (Cohen 2006; Silha et al. 2006).

Mitochondria were isolated utilizing the Sigma animal tissue mitochondrial isolation kit
and associated proteins were resolved by SDS-PAGE (Figure 4). In 3 of 4 tumors
examined, IGFBP-3 was found associated with mitochondria. Hsp60 and PARP were
used to assess purity of the mitochondrial fraction.

d. Assess the effects of mutant NES IGFBP-3) on apoptosis. (Months 9-12)
We have begun to assess the effects of the NES mutant on apoptosis and
show that mutation prevents efficient apoptosis by IGFBP-3. (Fig. 1B)
Task 2. Define the role of the IGFBP-3/RXR/Nur77 apoptotic pathway in vivo in the TRAMP
mouse model.
a. We will age the Nur77 KO and IGFBP-3 KO mice to determine if and when these
mice develop prostatic pre-neoplastic lesions. (Months 1-18)
No spontaneous prostate tumor development was observed in IGFBP-3KO mice;
however, we did observe splenic lymphomas in 30% of female IGFBP-3KO mice, but
not Wild-Type (WT), at 80 weeks of age (data not shown).. We did not observe
spontaneous prostate cancer tumor development in the Nur77 KO mice with aging (data
not shown).
b. Examine the role of IGFBP-3 in apoptosis induced by androgen withdrawal by
castration of TRAMP and IGFBP-3 KO: TRAMP mice

9



i. Develop IGFBP-3 KO:TRAMP cross and assess mouse aging and tumor
chronomics. (Months 1-24). Total 100 mice.
We quickly discovered that the TRAMP model was a very aggressive, early metastatic
mouse model of CaP and did not see any difference with the IGFBPKO mating.
Therefore, we chose to study a slower developing model, the Myc model of prostate
cancer (expressing human c-Myc driven by a prostate specific promoter) developed at
UCLA.
ii. Examine subcellular localization of RXR, IGFBP-3, and Nur77 utilizing in
situ immunohistochemistry and immunoblot post cellular fractionation in
tumors before and after castration (25 mice/group; 13 castration and 12
“sham” castration) at 12 weeks of age (Total 75 mice). Animals to be
sacrificed after 6h (2 mice/group) and then every 24h for 4 days. (months 1-
6)
After initial immunohistochemistry staining of tissue with RXR and Nur77, we discovered
that the available antibodies are not very specific with multiple banding patterns on
Western blot. Therefore, we will await the availability of more specific commercial
antibodies.
iii. Evaluate apoptosis utilizing TUNEL staining and evaluate protein subcellular
distribution of IGFBP-3, RXR, and Nur77 by Western blotting. (Months 6-
12) (Fig. 5).

WT mice showed a dramatic, 6-
fold, increase in the number of
TUNEL-positive nuclei at 48 hours
post castration. However, IGFBP-3
KO mice prostates failed to show
any significant increase in TUNEL
staining at 48 hours. By 72 hours
TUNEL staining returned to near
baseline levels in WT mice and
remained near baseline levels in
IGFBP-3 KO mice. Serum IGFBP-
3 levels were undetectable in the
KO mouse  and remained |Frig. 5. IGFBP-3 is essential for androgen deprivation
unchanged in WT mice post |induced apoptosis. Twelve-week-old male wild type (WT)
castration. mice and IGFBP-3 KO mice were surgically castrated.
p53 has been shown to be Prostates were harvested after 48 and 72 hours. Prostates

. . . and testes were fixed and stained with H&E for morphologic
required for prostatic apoptosis, analysis and quantification of apoptosis using a TUNEL

and we have_ now Shown_ that |strategy. Apoptosis was quantified by counting the number
IGFBP-3, which is activated |of TUNEL-positive cells.

downstream of p53, is also
required for this process. In summary, this is the first description of an in vivo role for
IGFBP-3 in physiological cell death and indicates that IGFBP-3 is critical for prostatic
apoptosis, a fact with potential therapeutic implications in prostate cancer
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Increased metastasis in IGFBP-

3KO:Myc mice

When IGFBP-3KO:Myc mice were
necropsied at 80 weeks of age,
prostate tumors tended to be larger
in the IGFBP-3KO:Myc mice when
compared to WT. In addition, we
identified lung metastases in 55%
of IGFBP-3KO:Myc mice, while
none of the WT:Myc mice exhibited
any metastases (Figure 6A, 6B).
This is a remarkable finding, as
metastases in the Myc model of
prostate cancer have not been
described to date, and suggests
that a major anti-tumorigenic role of

endogenous IGFBP-3 is as a Fig. 6. (A) Increased metastasis in IGFBP-3KO:Myc mice.

Incidence of lung metastases in 80-week-old WT:Myc

metastasis sup_pressor. ) (n=22) and IGFBP-3KO:Myc (n=18) male mice. *p=0.01 by
We characterized the presumptive |cChi Square. (B) Representative photograph of lung nodule.
lung metastases by [(C) Multiple metastases in liver (arrows). (D) Multiple

immunohistochemical staining for |metastases in intestine (arrow pointing at one of many).

Clara Cell 10 (CC10) protein, a
marker of bronchiolar epithelial cells. CC10 is expressed in the lung in non-ciliated
airway epithelial cells and in urogenital secret ions and is not expressed in prostate
cells. Most primary lung adenomas and
adenocarcinomas are of Clara cell origin.
As shown in Figure 7A, normal lung
parenchyma stains well for CC10, and the
lung nodule does not, showing that the
observed lung nodules are not of lung
derivation. Occasionally, some mice
developed metastatic nodules in visceral
organs including liver and intestine
(Figure 6C, 6D). RT-PCR analysis for the

_ _ _ _ o human Myc gene verified expression in
Fig. 7. (A) CC10 immunohistochemical staining of the lung nodules, thereby confirming their
a representative lung nodule and adjacent normal ’

lung tissue in a IGFBP-3KO:Myc mouse. (B) RT- metaStatiC nature (Figure 7B). o
PCR of human Myc of primary tissue RNA from| Establishment and characterization of

mouse necropsy confirming metastatic nature of| prostatic epithelial cell lines from the
lung nodules. WT:Myc and IGFBP-3KO:Myc mouse
models

To facilitate our investigation of the molecular mechanisms underlying IGFBP-3-
controlled prostate tumorigenesis and metastasis, we isolated primary prostatic cells
from WT:Myc and IGFBP-3KO:Myc mice. After serial passages and spontaneous
immortalization, several clonally derived cell lines were established and from which two
lines each were characterized and studied herein. A representative cell line of each is
11




presented.

To determine the properties of these established cell lines, we performed Western blot
analysis using antibodies corresponding to phenotypic markers for cell types in the

prostate epithelium.

As shown in Figure 8A, both WT:Myc
and IGFBP-3KO:Myc cell lines maintained
androgen receptor (AR) expression, but
the IGFBP-3KO:Myc cell line exhibits the
loss of CK8, a luminal epithelial marker.
Protein expression of E-cadherin did not

change; however, another well-known
marker of epithelial-mesenchymal
transition vimentin, was significantly

induced in the IGFBP-3KO:Myc cell line.
This expression profile is similar to that
seen in the metastases of a human CaP
xenograft-mouse model with knockdown

Fig. 8. (A) Expression of characteristic proteins in
primary WT:Myc and IGFBP-3KO:Myc cell lines by
Western immunoblot. (B) Cell proliferation curves
of WT:Myc and IGFBP-3KO:Myc cell lines by MTT
assay (C) Differential response to androgen by

of endogenous DAB2IP (member of the
Ras GTPase-activating protein family).
Loss of DAB2IP facilities epithelial-
mesenchymal transition (EMT) leading to

WT:Myc and IGFBP-3KO:Myc cell lines.

CaP metastasis.

To measure the biological effects of

IGFBP-3 gene deletion in Myc CaP cells, we first compared cell growth properties of the
WT:Myc and IGFBP-3KO:Myc cell lines. As shown in Figure 8B, cell proliferation rates
were significantly increased to over 3-fold at 120 hours in the IGFBP-3KO:Myc cell line
as compared to WT:Myc cells, suggesting that IGFBP-3 plays a role in the cell cycle
progression of Myc prostatic epithelial cells.

Additionally, in the absence of the androgen R1881, WT:Myc cells proliferated slower

than IGFBP-3KO:Myc cells (Figure
8C). At lower concentrations (0.1
nM), R1881 stimulated WT:Myc cell
growth while IGFBP-3KO:Myc cells
were not significantly stimulated.
When a high concentration of
R1881 was used (5 nM), WT:Myc
cells growth is inhibited but not
IGFBP-3KO:Myc cells.  Therefore,
genetic loss of IGFBP-3 results in a

differential growth response to
androgen.

IGFBP-3 loss leads to increased
colony formation and
invasiveness of CaP cells in
vitro

To determine whether genetic

Fig. 9. (A) Increased colony formation in IGFBP-
3KO:Myc cells (B) Increased invasiveness of IGFBP-
3KO:Myc cells
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deletion of IGFBP-3 leads to enhanced transformation potential, we compared the
colony-forming efficiency of WT:Myc and IGFBP-3KO:Myc cell lines. After 14 days in
culture, colonies were photographed and counted. IGFBP-3KO:Myc cells formed over 4-
fold more colonies when compared to WT:Myc cells (Figure 9A).

In addition, to evaluate the relation between cell migratory ability and the expression
of IGFBP-3, we conducted a migration assay using a modified Boyden chamber
method. The invasiveness of IGFBP-3KO:Myc cells when compared to WT:Myc cells
was increased over 3-fold (Figure 9B). Taken together, these data support a role for
IGFBP-3 in metastasis suppression in prostate cancer.

c. Study the in vivo effects of IGFBP-3 replacement treatment in the IGFBP-3
KO:TRAMP model of prostate cancer.

Unfortunately, our supplier of recombinant human IGFBP-3 has discontinued
production of peptide for the time being secondary to financial constraints. However,
we are hopeful that they will resume production within the year to obtain material for the
in vivo replacement study.

i. Comparison of response to a 4-week course of IGFBP-3 treatment in the
TRAMP and TRAMP/IGFBP-3 KO mice on tumor size and histology.
(Months 24-30) 7 mice/group total 28 mice (including controls).

ii. Evaluation of tumor apoptosis by TUNEL staining and proliferation by
PCNA staining. (Months 24-30)

iii. Perform immunohistochemistry for subcellular localization of IGFBP-3,
Nur77, and RXR as well as subcellular fractionation and immunoblotting for
IGFBP-3, RXR, and Nur77. (Months 30-36)
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Key Research Accomplishments

» Defined a Nuclear Export Sequence in IGFBP-3
* Created NES / MTS mutants of IGFBP-3

» Established Mitochondria and Endoplasmic Reticulum Localization of IGFBP-3 in
vitro

» Demonstrated Mitochondrial Localization of Recombinant Administered IGFBP-3
to prostate cancer xenografts in vivo.

* Assessed Mutant Effects on IGFBP-3 induced apoptosis
» Castrated IGFBP-3 KO and WT mice
* Aged IGFBP-3 KO and WT mice and assessed for CaP incidence

* Demonstrated that IGFBP-3 is essential for androgen deprivation-induced
apoptosis

* Developed IGFBP-3KO:Myc cross
* Aged WT:Myc and IGFBP-3KO:Myc cohort.

» Demonstrated increased metastasis in IGFBP-3KO:Myc cohort and determined
that metastasis was of prostatic origin

* Developed primary cell lines from prostatic tumors in WT:Myc and IGFBP-
3KO:Myc mice and performed initial characterization.
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Reportable Outcomes

Manuscripts Published

1. Yamada PM, Lee KW. 2009. Perspectives in Mammalian IGFBP-3 Biology: Local
vs. Systemic Action. Am J Physiol Cell Physiol. May;296(5):C954-76. Epub 2009
Mar 11. PMCID: 19279229 (Appendix 1)

2. Paharkova-Vatchkova, V, Lee KW. 2010. Nuclear Export and Mitochondrial and
ER-targeting of IGFBP-3 regulates its apoptotic properties. 2010 Mar
8;17(2):293-302. Endocrine-Related Cancer. PMCID: 20228135. (Appendix 2)

3. JiaY, Lee KW, Swerdloff RS, Hwang D, Cobb LJ, Hikim AS, Lue YH, Cohen P,
and Wang C. 2010. The interaction of insulin-like growth factor binding protein-3
and bax in mitochondria promotes male germ cell apoptosis. J Biol Chem.
285:1726-32. PMID: 19887447

4. Lue Y, Swerdloff R, Liu Q, Mehta H, Sinha Hikim A, Lee KW, Jia Y, Hwang D,
Cobb LJ, Cohen P, Wang C. 2010. Opposing Roles of Insulin-Like Growth
Factor Binding Protein 3 and Humanin in the Regulation of Testicular Germ Cell
Apoptosis. Endocrinology. 151:350-7. PMID: 19952275

Manuscripts Submitted
1. Mehta HH, Gao Q, Galet C, Wan J, Said J, Sohn JJ, Lawson G, Cohen P, Cobb
LJ, Lee KW. 2010. IGFBP-3 is a Metastasis Suppression Gene in Prostate
Cancer. Cancer Cell

Poster Presentations

Mehta HH, Hwang DL, Sohn JJ, Lue YH, Wang C, Said J, Cohen P, Lee KW.
IGFBP-3 is essential for prostate apoptosis induced by androgen deprivation. Endocrine
Society. San Francisco, CA. June 2008.

Paharkova-Vatchkova V, Lee KW. Identification of Nuclear Export Sequence
(NES) within IGFBP-3 and its Contribution to Apoptosis. Endocrine Society. San
Francisco, CA. June 2008.

Oral Presentations
Lee KW. Characterization of a putative “BH3-like” domain establishes IGFBP-3
as a unique intrinsic pathway activator that integrates cell survival and death signals in

the mitochondrial regulatory network. Fifth International Congress of the GRS and IGF
Society. New York, NY. October 2010.

15



Conclusions

Thus, we conclude that IGFBP-3 is a potent apoptosis inducer with potential implications in
prostate cancer. IGFBP-3 induces apoptosis of both androgen-dependent and —independent
CaP in vitro, and this has recently been demonstrated in vivo. On a cell biology level, to my
knowledge IGFBP-3 is the only molecule known with an endocrine (serum carrier for IGF), as
well as an auto-/paracrine function (that can be IGF-independent) with nuclear and extranuclear
functions. Therefore, the proposed work shifts the current thinking of IGFBP biology. We have
begun to characterize how subcellular localization of IGFBP-3 effects apoptosis induction. In
addition, we have for the first time implicated IGFBP-3 in physiologic apoptosis induced by
androgen deprivation utilizing the IGFBP-3 KO mouse. Practically speaking, the mechanistic
work proposed therein represents the foundation for a new therapeutic intervention in the
treatment of men with prostate cancer. These experiments will provide a research-based
rationale for clinical trials of IGFBP-3 and establish a role for such therapy in androgen-
dependent and —independent prostate cancer. IGFBP-3 has recently undergone successful
phase 1 studies in humans and is about to enter phase 2 studies in cancer patients. If
successful, these expected findings will improve our understanding of this emerging prostate
cancer therapy and facilitate further clinical development in men with prostate cancer.
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Yamada PM, Lee K. Pergpectivesin mammdian |GFBP-3 biology: locd vs. systemic
action. Am J Physiol Cell Physiol 296: C954—C976, 2009. Firgt published March 11, 2009;
doi:10.1152/gjpcel.00598.2008 —Insulin-like growth factor (IGF) binding protein
(IGFBP)-3 has traditionally been defined by its role as a binding protein and its
association with IGF delivery and availability. Development of non-IGF binding
IGFBP-3 analogs and the use of cell lines devoid of type 1 |GF receptors (IGF-R)
have led to critical advances in the field of IGFBP-3 biology. These studies show
that IGFBP-3 has | GF-independent roles in inhibiting cell proliferation in cancer
cell lines. Nuclear transcription factor, retinoid X receptor (RXR)-«, and IGFBP-3
functionally interact to reduce prostate tumor growth and prostate-specific antigen
in vivo. Moreover, IGFBP-3 inhibits insulin-stimulated glucose uptake into adipo-
cytes independent of IGF. The purpose of this review is to highlight IGFBP-3 as a
novel effector molecule and not just ancther “binding protein” by discussing its
IGF-independent actions on metabolism and cell growth. Although this review
presents studies that assume the role of IGFBP-3 as either an endocrine or
autocrine/paracrine molecule, these systems may not exist as distinct entities,
justifying the examination of IGFBP-3 in an integrated model. Also, we provide an
overview of factors that regulate IGFBP-3 availability, including its production,
methylation, and ubiquitination. We conclude with the role of IGFBP-3 in whole
body systems and possible future applications of IGFBP-3 in physiology.

insulin-like growth factor; nonsuppressible insulin-like activity; insulin-like growth

factor binding protein-3

INSULIN-LIKE GROWTH FACTOR (IGF) was originally named non-
suppressible insulin-like activity (NSILA) because it stimu-
lated glucose uptake into adipocytes, sharing “insulin-like”
activity (81). Whereas anti-insulin antibodies were capable of
abrogating the hypoglycemic effects of insulin, they did not
abolish the effects of NSILA, hence, the term “nonsuppress-
ible” was incorporated into its name. The term “NSILA” was
renamed “somatomedin” in 1972 to describe its hormonal
relationship to growth hormone (51).

Soon after the characterization and quantification of NSILA
in rat serum (229), tracer technology identified that NSILA-S
(serum NSILA) had a carrier protein (132). This was demon-
strated by measuring the half-life of NSILA after the infusion
of 125|-labeled NSILA-S (IGF) or *?°|-labeled NSILA-S plus
NSILA-S into rats. NSILA-S of low-molecular weight (~7.5
kDa) was cleared 20 min postinjection, whereas the high-
molecular weight (~100 kDa) persisted for 3 h. Chromatog-
raphy identified that the ~100-kDa complex contained
NSILA-S and its binding protein. The described low- and
high-molecular weights (265) presumably corresponded to the
molecular weights of IGF-1 and -2 alone (7.5-7.6 kDa) and the
|GF-ALS-IGFBP-3 heterotrimeric complex (150 kDa), respec-
tively. Today it is well known that IGF complexes with a
leucine-rich acid labile subunit (ALS), and insulin-like growth
factor binding protein (IGFBP-3), the most abundant circulat-
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Pediatrics, Division of Endocrinology and Metabolism, Mattel Children’s
Hospital, 10833 Le Conte Ave., 22-315 MDCC, Los Angeles, CA 90095-1752
(e-mail: kukwhalee@mednet.ucla.edu).
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ing binding protein. Binding amplifiesthe half-life of IGF up to
12-15 h (102).

Perfusion of human serum into isolated rat hearts showed
that glucose uptake remained unchanged (174), despite reports
that free NSILA has insulin-like, hypoglycemic effects (173).
This suggested that the insulin-like activity of partially purified
NSILA on the rat heart was abolished in the presence of the
NSILA-carrier protein complex (174). 1251-labeled NSILA-S
action was inhibited by its carrier protein, and the size of the
NSILA-S-carrier protein complex prevented IGF efflux from
vasculature. In 1976, NSILA was sequenced, revealing that it
shared 48% homology with human proinsulin (203) and was
renamed IGF-1. In 1989, this transporter of 70-90% of all
circulating 1GF was officially termed “insulin-like growth
factor binding protein-3” (IGFBP-3) [Workshop on IGF Bind-
ing Proteins, Vancouver, Canada, 1989 (18)].

Presumably IGFBP-3 is produced and released by hepatic
Kupffer and endothelial cells (264) into the systemic circula
tion to affect auxological growth via endocrine regulation. The
majority of in vitro studies that have demonstrated |GF-
independent actions of IGFBP-3 on cell growth have been
performed in culture and therefore simulates autocrine/
paracrine regulation. Although this review presents studies
that use IGFBP-3 in an endocrine (as an | GF transporter and
binding protein) or autocrine/paracrine system (local release
of IGFBP-3 from tissues to be reinternalized by the origina
cell or by neighboring tissues), these systems may not exist as
distinct models. This may justify the examination of IGFBP-3
in an integrated model. Figure 1 illustrates a separated view of
local and systemic regulation.

http://www.gjpcell.org
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Systemic Regulation Local Regulation

Endocrine control Paracrine/autocrine control

Hepatic Kupffer or
endothelial cell origin

Multiple cell type origin;
acts upon local tissues

Systemic IGF-carrier role Local IGF modulation

Dysregulated local

Auxological growth & SRR T ST

metabolism

Effector of signaling pathways,

Intracellular trafficking, Protein
binding partner

Protein binding partner

Fig. 1. Loca and systemic actions of insulin-like growth factor binding
protein-3 (IGFBP-3). The majority of studies employ models that represent
either systemic or local regulation and have not incorporated both systemsinto
their model of study. Whether interaction between these systems has physio-
logical significance is unknown.

IGFPB-3 Across Phylogeny

IGFs and IGFBP-3 have been extensively studied in hu-
mans, mice (177), and rats (180). The IGF system and its
binding proteins have also been examined in a variety of
speciesincluding cow (88), pig (11), water buffalo (124), cattle
(238), sheep (86), horse (75), dog (69), wallaby (33), kangaroo
(258), tilapia (190), and zebrafish (157). Of particular interest,
a secreted 27-kDa protein that binds to proteins of the insulin
superfamily of insect cells (S9) was purified, cloned, and
characterized in 2000 (225). This protein was shown to inhibit
insulin activation of the insulin receptor and bound to IGF-I,
-1, pro-insulin, and mini-proinsulin with high affinity. Eight
years later, Imp-L2, the functional equivalent of IGFBP in
Drosophila was identified in vivo, which is the first documen-
tation of an insect insulin/IGF binding protein (114). Imp-L2
was shown to bind to and antagonize Drosophila insulin-like
peptide 2 (Dilp2). Imp-L2 overexpression reduced body size,
whereas |oss of Imp-L2 resulted in increased body size, similar
to the phenotypes of the transgenic and knockout IGFBP-3
mice (221, 253). These observations indicated that Imp-L2 is
an IGFBP equivalent. In addition, zebrafish have also been
used to study the role of IGFBP-3 in growth and develop-
ment (157). Knockdown of IGFBP-3 delayed pharyngeal
skeleton morphogenesis, reduced pharyngeal cartilage dif-
ferentiation, decreased inner ear size, and disrupted semicir-
cular canal formation in embryos; these effects were rescued
with IGFBP-3 expression. |GF binding protein conservation in
invertebrates portends a significant physiological role across
phylogenies.

Unraveling IGF-Independent Actions

The term IGFBP-3 does not fully describe its roles because
it not only functions as a binding partner, but it also has
important functions not involving IGF. IGFBP-3 has histori-
cally been described as a mediator of endocrine cell growth
through its IGF-dependent effects. The function of IGFBP-3
was viewed as a binding protein of IGF-1 to either transport
IGF-1 to its receptor, enhancing IGF-1 actions, or sequester
IGF-1 from its receptor, inhibiting its action. Advances in the
field have enabled researchers to demonstrate evidence for
| GF-independent effects of IGFBP-3 using various strategies.
1) IGFBP-3 mutants that do not bind to IGF-1 (26, 115, 257)
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or IGF-1 analogs with reduced affinity for IGFBP-3 [long
R3-1GF-1, GroPep, Australia, and des-(1-3)-IGF-1] (254, 255),
2) 16- and 22/25-kDa | GFBP-3 fragments with total and partial
loss of IGF affinity, respectively (143), 3) transfection of the
|GFBP-3 vector into cellslacking IGF-R (197, 236), and 4) use
of IGF-1 negative cell lines (breast cancer cells, chrondrocytes)
(97, 232). Identification of putative IGFBP-3 cell surface
receptors and binding to these receptors with specificity and
high affinity have suggested IGFBP-3 is capable of IGF-
independent actions (184, 186, 256).

Structure

Human IGFBP-3 is composed of 264 amino acids and
contains 3 functional domains: a nonconserved central domain
and highly conserved cysteine-rich carboxyl (COOH)- and
amino (NHy)-domains. The molecular weight of IGFBP-3
would be 29 kDa based on its amino acid sequence; how-
ever, its actual molecular weight ranges from 46 to 53 kDa
secondary to potential glycosylation at three different NH-
linked sites (247). When proteins are separated with sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), IGFBP-3 is detected as a doublet at 42/45 kDa.

Residues 1-87 and 184264 comprise the NH, and COOH
domains, respectively. The nonconserved domain spans resi-
dues 88-183 or 88-148, with or without the heparin-binding
domains (HBD), respectively (256). Another HBD is found in
the COOH-terminal, residues 241-259 (90). IGF binding oc-
curs at both NH, and COOH terminas (5, 84), and the
NHx-terminal region, including 11€®, Leu®, Leut?, contributes
to a hydrophobic pocket that is important for IGF-1 binding
(26). Many molecular interactions are localized to the COOH-
terminal sequence 215-232. For example, residues 228-232 at
the COOH terminal are required for ALS, IGF-1, and heparin
binding (17, 73). Also contained within the important residues
215-232 in the COOH-terminal domain is a nuclear localiza-
tion sequence (NLS) responsible for translocation into the
nucleus through nuclear transport factor importin-g (210).
Residues within the NH, terminal and motifs within the COOH
terminal are involved with interaction with nuclear partners
RXRa and retinoic acid receptor (RARa) (209). A metal-
binding domain (MBD) is also contained in the COOH termi-
nal, which spans the NLS and a caveolin-binding sequence
(223). Of the six IGFBPs, IGFBP-3 and IGFBP-5 are most
similar in structure, where both contain similar functional
domains comprising: 1) the IGF binding region of the NH, and
COOH terminus (23, 84, 129), 2) heparin-binding matifsin the
central domain (77, 230), 3) functional transactivation domain
in the NH, terminal (261), and 4) NLS (210), heparin-binding
(21), ALS-binding (73, 235), and cell binding domains (73,
235) in the COOH terminal. Furthermore, since type 1o col-
lagen has been shown to physically interact at aregion in close
proximity to the NLS domain, binding interaction may ulti-
mately affect cell adhesion and migration (162).

Cell Surface Binding Partners and Internalization

IGFBP-3 contains glycosaminoglycan-binding domains, al-
lowing IGFBP-3 to localize to the extracellular matrix or
cellular surfaces. IGFBP-3 attachment to the matrix or cell
surfaces decreases the affinity of IGFBP-3 for IGF-1, enhanc-
ing IGF action. Glycosaminoglycans, heparin, and heparin
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sulfate bind to the COOH termina of IGFBP-3 (77). Like the
COOH terminal domain, the central domain also contains two
heparin-binding consensus sequences, which are unmasked
only when the COOH terminal domain has been deleted (70,
77). Additional glycosaminoglycans have been shown to bind
to IGFBP-3. For example, dermatan sulfate was shown to bind
to either domain by inhibiting heparin binding. Dermatan
sulfateis found in blood vessels and heart valves and may have
arole in coagulation and wound repair (77). Heparin binding
was inhibited with lower efficacy by chondroitin sulfate A, a
structural component of cartilage, and hyaluronic acid, a major
component of extracellular matrix (ECM) (77). IGFBP-3 con-
tains essentia glycosaminoglycan binding sequences that not
only bind heparin and heparan sulfate, but this critical se-
guence also hinds to the ECM and cell surfaces (21).

IGFBP-3 binds to fibrinogen and fibrin (29). Similar to the
| GFBP-3-plasminogen-IGF-1 complex, IGF-1 does not com-
pete for binding to IGFBP-3, but instead IGF-1 binds to
|GFBP-3-fibrin and binding most likely occurred at the hepa-
rin-binding domain. The affinity between the IGFBP-3-fibrin
and IGF-1 is similar to the affinity between IGF-1 and type 1
receptor (29). These observations suggest that the fibrin-im-
mobilized IGFBP-3 complex may play arole in concentrating
IGF-1 at the wound, aiding in tissue repair. This interaction
may be detrimental to the cardiovascular system when tissue
repair resides at the vascular level. Also, fibronectin was
discovered to bind to both nonglycosylated and glycoslated
|GFBP-3. Competitive inhibition of IGFBP-3 was observed in
the presence of IGFBP-5 and heparin, whereas IGF-1 and
IGFBP-1 had no effect on binding interaction between 1G-
FBP-3 and fibronectin. The binding affinity of the IGFBP-3-
fibronectin complex to IGF-1 is similar the affinity of IGF to
IGFBP-3 (99).

Although a specific IGFBP-3 cdll surface receptor has not been
published, there are two putative receptors. one that was cloned
via a yeast two-hybrid experiment using the midregion of
IGFBP-3 (256) and another termed low-density lipoprotein-
related protein-1 (LRP-1)/a2M receptor (117, 146). The former
has yet to be validated and the latter has been supported with
data from a single laboratory; exact receptor structure and
signaling mechanisms are yet to be elucidated. IGFBP-3
bound to the surface of human breast cancer cells through
putative high-affinity IGFBP-3 membrane receptors (256).
Fragments containing the midregion of IGFBP-3 were able
to inhibit radiolabeled |GFBP-3 binding, suggesting that the
midregion interacts with the breast cancer cell surface receptor.
High affinity binding sites were putatively identified in estro-
gen receptor (ER)-negative (Hs578T) and ER-positive
(MCF-7) human breast cancer cells human. Testing al six
IGFBPs indicated only IGFBP-5 was a weak competitor,
suggesting IGFBP-3 binding to breast cancer cell receptor is
specific and not due to nonspecific glycosaminoglycan inter-
actions (256). The interaction between IGFBP-3 and these
receptors suggested that IGFBP-3 may have IGF-1 indepen-
dent actions on cell growth.

Presumed IGFBP-3 binding to a cell surface receptor in-
duced a rapid and transient increase in intracellular free cal-
cium concentrations in breast carcinoma cells (MCF-7) (201).
The increase in calcium concentrations were mediated through
a pertussis toxin-sensitive pathway, suggesting its receptor
may be coupled to a G; protein to regulate intracellular signal-
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ing. Calcium concentrations increased when IGFBP-3 was
bound to heparin or IGF-1, suggesting that receptor binding
occurs in the least conserved region (201). Although intracel-
lular localization of IGFBP-3 was not observed in this study,
diffuse cellular surface and cytoplasmic staining of IGFBP-3
has been visualized in keratinocytes (248), demonstrating that
IGFBP-3 is an intracellular molecule. Still, evidence for I1G-
FBP-3 cell surface receptors and coupled intracellular signal-
ing pathways would be strengthened by confirmation from
independent laboratories.

IGFBP-3 was shown to bind to transforming growth factor
(TGF)-B typeV receptor and inhibited cell growth independent
of IGF (117, 146). Surprisingly, matrix-assisted laser desorp-
tion/ionization (MALDI) analysisrevealed that the TGF-(3 type
V receptor is identical to the low-density lipoprotein-related
protein-1 (LRP-1)/a2M receptor (118). An LRP-1 antagonist,
receptor-associated protein, inhibited IGFBP-3 binding to *2°|-
labeled TGF-B1 and 25| -labeled IGFBP-3 binding TGF-B type
V receptor. Furthermore, 1%°1-labeled |GFBP-3 affinity |abeled
TGF-B type V receptor could be immunoprecipated with an-
tibodies specific to LRP-1 and TGF-B type V receptor, pro-
viding additional evidence that the TGF-3 type V and LRP-1
receptors are identical (118). Serum IGFBP-3 levels were
upregulated in mice with impaired LRP-1 function (Fut8 '~
mice), suggesting that LRP-1 is necessary for IGFBP-3 inter-
nalization and impaired LRP-1 function results in increased
serum IGFBP-3 levels (151). LRP-deficient cells also had
reduced |GFBP-3 internalization compared with LRP-express-
ing mouse embryonic fibroblasts. Treatment with receptor-
associated protein inhibited |GFBP-3 internalization in mouse
embryonic fibroblasts, indicating that IGFBP-3 is a ligand of
LRP-1, and LRP-1iscrucial for internalization (151). Whether
the LRP-1 receptor is the primary | GFBP-3 receptor and if this
receptor is identical to the breast cancer cell receptor remains
unknown.

Y east two-hybrid analyses indicated that IGFBP-3 binds to
latent TGF-B binding protein-1 (LTBP-1), a component of the
latent TGF- complex (100). LTBP-1isapart of the structural
component of the ECM and is a 160- to 240-glycoprotein
containing 8-cysteine and calcium binding EGF-like repeats
(166). LTBP-1 isinvolved in sequestration of latent TGF-B in
the ECM and delivery of TGF-B to the plasma membrane
(166). Binding occurs when IGFBP-3 is bound to IGF-1; the
affinity between IGFBP-3 and recombinant LTBP-1 is esti-
mated to be equal or greater than the affinity of IGFBP-3 for
fibronectin (99). Of great importance, |GFBP-3 signaling ap-
pears to involve an active TGF- signaling, where IGFBP-3
stimulates phosphorylation of Smad2 and Smad3 to inhibit
breast cancer cell proliferation (65, 66). Although in vitro
studies indicate that IGFBP-3 and latent TGF-3 complex
interact viaLTBP-1, in vivo studies are warranted to determine
the whether LTBP-1 is functionally important in mediating
| GFBP-3 binding to plasma membranes (100) and intracellular
signaling.

| GFBP-3 possess basic COOH-terminal nuclear localization
signals (195), allowing IGFBP-3 to exert intracellular actions.
Transferrin associates with IGFBP-3 in the COOH terminus
(149, 244); the caveolin-scaffolding domain consensus se-
guence also resides near the COOH terminal end and IGFBP-3
bound to caveolin-1 on breast cancer cells (27). These facts
lead to the discovery that caveolin-1 mediates IGFBP-3 inter-
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nalization via a caveolin-scaffolding docking sequence (149).
Caveolae are glycolipid rafts that are involved in endocytosis
and signal transduction (226), and caveolin-1 has been impli-
cated to be a principle structural scaffold that organizes intra-
cellular trafficking and cytoplasmic signal transduction (85,
205), providing a mechanism for IGFBP-3 internalization and
signaling.

Coimmunoprecipitation assays demonstrated that |GFBP-3
binds to transferrin, which in turn binds to its receptor to form
a ternary complex. Cotreatment of anti-transferrin receptor
antibody and cholesterol depletion agents completely abol-
ished endogenous and exogenous |GFBP-3 uptake. This sup-
pression aso inhibited |IGFBP-3-mediated apoptosis in pros-
tate cancer cells to show functional importance of endocytic
internalization. Caveolae, transferrin, and the transferrin recep-
tor function together to collectively mediate endocytosis of
IGFBP-3 (149). Whereas transferrin is required for full-length
IGFBP-3, it is not required for IGFBP-3 fragments lacking the
transferrin-binding domain in breast cancer cells (27). A serine
phosphorylation domain peptide (SPD) that lacks the region
that interacts with transferrin is till able to induce C2-cer-
amide cell death in Hs578T cells, indicating that transferrin is
not essential for IGFBP-3 action. A related study reported that
cellular uptake of IGFBP-3 is mediated by metal ion-stimula-
tion of the MBD (223). Full-length IGFBP-3 was shown to
bind nickel, iron, and zinc via the MDB; the MDB was
reported to have physical interaction with caveolin-1 and
transferrin receptor. Thus the MDB may be involved in intra-
cellular trandocation of IGFBP-3 (223). IGFBP-3 binding to
nickel or iron-charged resin was inhibited in the presence of
IGF in vitro; however, whether MDB-mediated internalization
occurs in an in vivo model remains to be determined.

Autocrine motility factor/phosphoglucose isomerase (AMF/
PGI) was identified as a binding partner for IGFBP-3 in
solubilized T47D and MCF-7 human breast cancer cell mem-
branes (176). AMF/PGI is endocytosed in tumor cells and is
utilized as a cell-penetrating peptide to deliver toxins to the
intracellular space (136), similar to cell-penetrating peptides
derived from IGFBP-3 and IGFBP-5 (90). IGFBP-3 antago-
nized its induction of migration of these breast cancer cells.
Whether a classical receptor will be discovered and character-
ized for IGFBP-3 or whether the “receptors’ described in the
current paper are part of larger protein complexes in an
endocytic pathway remains an unanswered question.

Nuclear Binding Partners

IGFBP-3 had previously been shown to translocate into the
nucleus in opossum kidney cells (156); recombinant |GFBP-3
has been visualized in human breast cancer cells (T47D) (213);
endogenous nuclear IGFBP-3 has also been detected in human
lung cancer cells (127) and during cell division in keratinocytes
(248). IGFBP-3 aso has been demonstrated to localize to the
nuclel of myoblasts through MBD interaction, where IGFBP-3
bound to RNA polymerase Il binding subunit 3 (Rpb3) (188).
IGFBP-3 interaction with Rpb3 is dependent on a functional
NLS as a NLS mutant failed to associate with Rpb3. Since
Rpb3 regulates gene transcription and gene expression through
recruitment of the polymerase complex to specific transcription
factors, interaction between IGFBP-3 and Rpb3 could provide
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afunctional role for IGFBP-3 in modulation of gene transcrip-
tion.

Initial findings in human breast cancer cells (T47D) suggest
that NLS of the COOH terminal region is involved in nuclear
import of recombinant IGFBP-3 (213). Using fluorescently
labeled IGFBP-3, IGFBP-3 was rapidly taken up during rapid
cell division. In afollow-up study, wild-type IGFBP-3 under-
went translocation, but not a NLS mutant form, through a
NL S-dependent pathway into an intact nuclear envelope. When
the nuclear envelope was permeabilized, wild-type IGFBP-3,
but not the mutant form, accumulated in the nucleus, suggest-
ing that the NLS was involved in binding IGFPB-3 to the
nuclear components. |IGFBP-3 was recognized by importin-g
and «o/B-heterodimer, suggesting that | GFBP-3 nuclear impor-
tation is dependent on its NL S and importin-g nuclear transport
factor (210). When the plasma membrane is compromised (i.e.,
detergents), nuclear transport of IGFBP-3 occurs in almost all
cells (210).

|GFBP-3 interacts with nuclear receptors:. retinoid X recep-
tor (RXR)-a (159), RAR (212), and Nur77 (148). Binding to
RXRa wasidentified using multiple methods, including ayeast
two-hybrid screen (159). Evidence of IGFBP-3-RXRa func-
tional interaction was further demonstrated by abrogation of
IGFBP-3-induced apoptosis in RXRa-knockout cells, indicat-
ing that RXR is required for IGFBP-3-induced apoptosis.
Combination treatment of IGFBP-3 and RXR ligands syner-
gistically induced apoptosis in prostate cancer cells (161).

IGFBP-3 sequestered RAR and blocked the formation of
RAR:RXR heterodimers (212). The presence of IGFBP-3 sub-
stantially reduced the number of binding sites for all-trans
retinoic acid (atRA), a specific ligand for RAR«, decreasing
atRA binding to RAR:RXR heterodimers. To show interaction
in a different way, IGFBP-3 depletion from an in vitro system
increased sensitivity of RA-resistant breast cancer cells to the
growth inhibitory effects of atRA (212). Residues within the
NH_ terminal and motifs within the COOH terminal are essen-
tial for interaction with RXRa and RARa and subsequent
modulation of RAR/RXR signaling (209).

IGFBP-3 induces RXRa-Nurr77 translocation from the nu-
cleus to mitochondria (150). |GFBP-3 treatment was observed
to induce a rapid appearance of extra nuclear GFP-Nur77 in
RXRa*'* cells, but not in RXRa '~ cells, as observed with
confocal microscopy. Mitochondrial isolation from cells trans-
fected with |GFBP-3 showed a threefold increase in mitochon-
drial RXRa, wheresas this response was absent in cells trans-
fected with control expression vector. IGFBP-3 trafficking to
organelles other than the nucleus has yet to be described.
Figure 2 summarizes IGFBP-3 structure and intracellular traf-
ficking. Figure 3 outlines IGFBP-3 binding partnersin relation
to its potential function.

REGULATION OF IGFBP-3 TRANSCRIPTION, AVAILABILITY,
AND ACTION

| GFBP-3 affinity to IGF controls bioavailability and action
of IGF (Fig. 4). For example, IGFBP-3 is able to sequester
IGF from its receptor because | GFBP-3 has greater affinity for
IGF than it does for its receptor, thus reducing IGF bioavail-
ability and action. However, proteolysis and fragmentation of
IGFBP-3 (44, 141, 241) and attachment of IGFBP-3 to proteins
on the extracellular matrix (172) reduces its affinity to IGF.
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Fig. 2. IGFBP-3 and cellular interaction. A: IGF binds at the NH, and COOH terminus; athough this figure depicts IGFBP-3 as a linear structure, its proposed
tertiary structure has been described as a horseshoe, allowing an IGF molecule to bind at both the NH> and COOH terminus simultaneously. The IGFBP-3:1GF-1
affinity is greater than IGF-1:1GF-R affinity, resulting in IGF sequestration. B: caveolin-1, transferrin, and the transferrin receptor (TR) function together to
mediate endocytosis of IGFBP-3 and may be involved in intracellular trafficking and cytoplasmic signaling transduction. IGFBP-3 also may be internalized via
lipoprotein-related protein (LRP)-1. Whether LRP-1 and the breast cancer cell receptor are identical or which terminus interacts with LRP-1 is unknown.
IGFBP-3 may initiate a rapid increase in calcium concentrations and regulate intracellular signaling. C: phosphorylation of IGFBP-3 may increase its nuclear
import. Nuclear localization of IGFBP-3 is mediated by nuclear transport protein importin-f, allowing interaction with nuclear transcription factors. DNA-PK
can phosphorylate nuclear IGFBP-3 to modulate DNA repair/replication and apoptosis. D: ubiquitination of IGFBP-3 occurs in the nucleus, and one of its 19
lysine residues probably serves as an anchor for polyubiquitination. E: interaction between the COOH termina of IGFBP-3 and proteins attached to the
extracellular matric (ECM) [i.e., latent tranforming growth factor-@ binding protein (LTBP-1)] or type 1o collagen affects cell adhesion and migration. Binding
to ECM or fibrin decreases the affinity of IGFBP-3 to IGF-1, increasing |GF bioavailability. Proteolyzed IGFBP-3:IGF-1 affinity is less than IGF-1-R:IGF-1
affinity, preserving IGF-IR sensitivity secondary to IGF-1 binding. Superscript numbers in IGFBP-3 molecule represent residues within each domain, with
varying residues in the nonconserved domain depending on the presence or absence of the heparin binding domain. RXR, retinoid x receptor; RAR«, retinoic

acid receptor.

The result is enhanced |GF bioavailibility and augmented |GF
action at its receptor. In addition to proteolysis, |IGFBP-3
activity can be affected by other posttranslational modifications
such as phosphorylation, methylation, glycosylation, and ubig-
uitination. IGFBP-3 levels are also affected by the rate of its
transcription. IGFBP-3 gene transcription is affected by nu-
merous agents, such as retinoic acid (RA), estrogen, p53,
TGF-B, tumor necrosis factor (TNF-)-«, vitamin D, sodium
butyrate (NaB), and follicle stimulating hormone (FSH) (187).
This section will review different ways in which IGFBP-3
binding affinity, trafficking, and activity can be modulated.

Regulation of Gene Transcription

Vitamin D. 1,25-Dihydroxyvitamin D3 (vitamin D) and its
analogs have been shown to decrease cell proliferation in
prostate carcinomacellsin vitro and in rat prostate in vivo; this
response is associated with increased IGFBP-3 expression
(181). This observation iswell documented in LNCaP cells, an
androgen-dependent cell line (22, 170). An approximate three-
fold induction of IGFBP-3 mRNA expression and protein
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secretion in LNCaP cells has been reported after a 24-h
exposure to vitamin D (170). Moreover, 4 days of exposure to
vitamin D plus sense oligodeoxynucleotides (ODN) inhibited
cell growth in LNCaP cells, whereas this response was abro-
gated in antisense ODN and vitamin D treatment (22). Treat-
ment induced an increase in IGFBP-3 mRNA as soon as 6 h
posttreatment with a maximal response observed 12 h post-
treatment (22).

Vitamin D analogues have been studied as anti-cancer ther-
apies because they do not exert hypercalcemic effects like their
naturally bioactive counterparts. A variety of homologues have
been used to induce | GFBP-3 expression and/or secretion from
a variety of cell lines [i.e., human osteosarcoma cells, PC-3
(121), Hs578T, and MCF-7 (46)]. The anti-proliferative ac-
tions of vitamin D are mediated through vitamin D receptor
(VDR), aclassic nuclear receptor that is usually composed of
two direct repeats of 6 bases, separated by a 3-nucleotide
spacer (CDR3 motif) (139). A 15-bp sequence containing 2
hexameric core sites were identified as a potential IGFBP-3
vitamin D response element (VDRE) (192). 1,25 OH.D3 re-
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Heterotrimeric Complex
IGF-1
IGF-2
ALS
Cell Surface Association
ECM
LTBP-1
Type 1a collagen
LRP-1 receptor
Transferrin
Caveolin
AMF/PGI
Wound healing/CVD
Fibrinogen, Fibrin
Fibronectin
Plasmin
Plasminogen
Dermatan sulfate
Nuclear Import and Interaction
Importin
RXRa
RARa
PPARy
Rpb3
Proteases
MMP
hK2, hK3
PSA
Aspartic protease cathepsin D
HPV-16 E7 oncoprotein
uPA and tPA
Viral Oncoprotein
HPV-16 E7
Survival Factor
Humanin
Golgi-associated glycosyltransferase
GalNAc-T14

Fig. 3. IGFBP-3 hinding partners, organized by potential function. See text for
more definitions.

cruited the VDR/RXR heterodimer to the VDR site in the
IGFBP-3 promoter; mutations of this element abrogated the
proper hexameric sequence (192). It has been suggested that
vitamin D interacts with RXR since both VDR and RAR act
through this common nuclear receptor. Normal action of a
specific RAR antagonist AGN193109 antagonized retinoids
but failed to antagonize vitamin D in human papillomavirus-
immortalized cervical epithelial cells, which suggests vitamin
D acts through VDR and not retinoid signaling molecules (4).
Thus vitamin D may involve signaling through nuclear recep-
tors VDR/RXR but not RAR/RXR to increase IGFBP-3 gene
expression.

Steroid receptor coactivator 3 (SRC-3/AIBI/ACTR/NCoA-3) isa
transcriptional coactivator for nuclear receptors including VDR
(158). Rapid serum IGF-I degradation in SRC-3~/~ mice was
associated with a drastic reduction of serum IGFBP-3 levels that
cannot be restored by transgenic |GF-1 compensation. In addition,
disruption of SRC-3in mice decreased the expression of IGFBP-3
and severa other known VDR target genes. SRC-3-deficient cells
were unable to support vitamin D-induced IGFBP-3 promoter
activity, and IGFBP-3 mRNA was reduced in SRC-3~/~ mice.
SRC-3 maintained circulating IGF-I by controlling IGFBP-3 ex-
pression (158).
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p53. The DNA elemental sequence of IGFBP-3 to which
p53 interacts in vitro was identified as a consensus binding site
containing two copies of a 10-bp motif separated by 0—13 bp
(62). Alterations of this motif lead to aloss of p53 affinity. In
addition, p53 mutants failed to bind to the consensus dimmer;
these mutants represented altered “hot spots’ often present in
human cancer that resultsin aloss of tumor suppression. Two
p53-responsive elements were identified in the first and second
introns of the IGFBP-3 gene, and highly purified wild-type p53
bound to the consensus element, whereas the mutant p53 failed
to bind (25). These investigators used a differential cloning
approach to demonstrate that the IGFBP-3 gene coding is
regulated by p53 binding. Activation of this p53 transgene
increased in IGFBP-3 mRNA expression and protein in media
conditioned by colon carcinoma cells, cells that have an induc-
ible wild-type p53 transgene and undergo apoptosis upon p53
induction (25). These results are consistent with their previous
observation that activation of osteosarcoma cells containing
temperature-sensitive p53 element Saos-2-D4H lead to in-
creased IGFBP-3 mRNA expression (24).

Functional p53 domains dictate target gene specificity such
that different isoforms differentially regulated target gene ex-
pression. Activation domain 2 (AD2) was required for p53-
dependent apoptosis (263) and the COOH-terminal basic do-
main (BD) is a regulatory domain where deletion increases
p53-specific binding activity in vitro (106). Interestingly, nat-
urally occurring isoforms of p53 with truncated COOH-termi-
nals induced IGFBP-3 expression, whereas full-length forms
could not induce expression. Furthermore, histone deacetylase
(HDAC) activity restores the ability of exogenous full-length
p53 to induce IGFBP-3. Simultaneous p53 DNA stabilization
and inhibition of HDAC restored the ability of endogenous
full-length p53 to induce IGFBP-3 (106).

Since p53 modulates IGFBP-3 gene transcription, factors
that affect p53 are also capable of regulating IGFBP-3 avail-
ability. For example, total body irradiation (and resultant DNA
damage) induced p53 in the thymus and small intestine of
p53*/* female mice, resulting in increased IGFBP-3 mRNA as
early as 6 h postirradiation (95). A human lung carcinoma cell
line transfected with a plasmid containing the gene E6 contains
less p53 versus the same lung carcinoma cell transfected with
an empty plasmid. After exposure to etoposide, a chemother-
apeutic agent, both cell typesincreased | GFBP-3 secretion into
conditioned media (95). Treatment with adriamycin, a geno-
toxic drug, increased |GFBP-3 secretion in p53~/~ PC-3 cells
showing that IGFBP-3 can also be induced independent of
p53-mediated gene transcription (95).

Of note, p53 activity (10) and IGFBP-3 mRNA was greatly
increased during cellular senescence in human diploid fibro-
blasts (91) and human prostate epithelial cells (214). Since
IGFBP-3 gene activity was activated by p53, this suggested
that p53 activity during cellular senescence may be required for
induction of IGFBP-3. Increases in p53 were accompanied
with consistent IGFBP-3 mRNA levelsin al conditions, indi-
cating that p53 activity does not affect IGFBP-3 mRNA. Thus
increased p53 activity is associated with increased |GFBP-3
mRNA; however, p53 did not contribute to IGFBP-3 gene
overexpression in this system (165).

Hypoxia. Hypoxia can induce IGFBP-3 mRNA through
p53-independent (67, 95) and -dependent mechanisms (39).
Induction of IGFBP-3 mRNA was observed in response to
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RXRa and RARa,
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IGFBP-3 N-terminal
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from IGF-binding (125)

* LRP-1 receptor, location
unknown

HBD residues 241-256 (90)

* Glycosaminoglycans, heparin,
dermatan sulfate, ECM bind at HBD
(73) Transferrin,

residues 228-230 '
(149, 244) V

« Fibrinogen, fibrin, fibronectin,
plasmin, plasminogen bind at HBD
(29, 99)

MBD, spans NLS &
caveolin-binding
sequence (223)

IGF-1 & IGF-2
lless, Leu®?, Leus?

Mid-region

MMPs and/or serine
proteases (13,72)

(5,26, 84)

Heparin, dermatan sulfate,
ECM, unmasked with C-
terminal deletion (70, 77, 256)

Serine proteases, with
resultant fragment of
1-212 (5)

ALS, residues 213-226 (17)

NLS residues 215-232 (210)

« Importin B, binds to NLS (210)

* RXRa & RARa, motifs 220LysLysLys, 26LysGlyArgLysArg (209)
» Type 1a collagen, close proximity to NLS (162)

Fig. 4. IGFBP-3 binding partners. Dashed line separates IGFBP-3 into 3 domains; numbers represent residues at the end of each domain. Binding partners are

depicted within the region/sequence involved in molecular interactions.

hypoxia in wild-type embryonic stem cells (67). Increasing
dosages and hypoxic exposure time both increased |IGFBP-3
mRNA in a dose-dependent manner in p53*/* lung carcinoma
cells (95). Still, when these methods were repeated using p53~/~
PC-3 cdls, amilar results were observed, suggesting that hypoxia
can modulate IGFBP-3 mRNA expresson independent of p53. In
fact, many cancer cel lines had IGFBP-3 mRNA induction by
hypoxia regardless of their p53 load/status (95).

Androgen. Androgen actions on IGFBP-3 transcription are
mediated by the androgen receptor (AR) (87), in which the AR
binds as a homodimer to the androgen response elements
(ARE) inthedistal region of the IGFBP-3 promoter (193, 239).
Some investigators have shown that androgens have inhibitory
effects on IGFBP-3 expression in LNCaP cells, an androgen-
dependent human prostate cancer cell line (9, 92, 137). Alter-
natively, androgen treatment has been shown to stimulate
IGFBP-3 expression in the same cell line (170). A possible
explanation for the discrepancy is the biphasic response of
androgen treatment on LNCaP cells, where low doses of
androgen stimulated growth, whereas high concentrations re-
sulted in growth inhibition (147).

Methylation

Abberant DNA methylation is the most common molecular
abnormality in cancer (126). It involves epigenetic modifica-
tion at the CpG island (cytosine-phosphate-guanine site) in the
promoter region, to cause chromatin condensation and gene
silencing (245). Hypermethylation of the CpG islands may
result in transcriptional silencing by physically blocking the
binding of the transcription proteins to the promoter. Alterna-
tively, methylated DNA may be bound by proteins referred to
as methyl-CpG-binding domain proteins, which in turn recruit
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additional proteins to the locus (i.e.,, histone deacetylases,
chromatin remodeling proteins) that are capable of modifying
histones and silencing genes. Since IGFBP-3 is a tumor sup-
pressor gene, silencing the IGFBP-3 gene would presumably
increase tumor growth.

Poor prognosis in stage | non-small cell lung cancer was
associated with IGFBP-3 methylation (37, 38). This relation-
ship wasillustrated in another study that showed aberrant DNA
methylation caused a reduction in | GFBP-3 expression by 75%
in hepatocellular carcinomas (104). Similarly, hepatitis B virus
X-protein (HBXx), a transcriptional transactivator of viral and
cellular promoters, repressed IGFBP-3 by promoting HBx/
HDAC1 complex formation (218). Hepatitis B virus (HBV),
which increases the risk of hepatocellular carcinoma, encodes
oncogenic HBx. HBx recruited HDAC1 and deacetylated spec-
ificity protein (Sp)-1 in a p53-independent fashion, resulting in
reduced Spl binding onto targeted DNA and suppression of
IGFBP-3 (218). Methylation plays a critical role in tumorgen-
esis through gene silencing and chromatin remodeling.

Growth Inhibitory Agents

Anti-estrogen. Pure anti-estrogen, |CI-182780, and Tamox-
ifen, apartial ER antagonist, increased | GFBP-3 secretion from
MCF-7 cells, whereas cotreatment of anti-estrogens with es-
tradiol reversed this effect (194). The capacity of 1CI-182780
to stimulate IGFBP-3 gene transcription was 10 times that of
Tamoxifen (120). Nuclear run-off assays showed that IGFBP-3
gene transcription was increased by |CI-182780 and decreased
by estradiol in MCF-7 cells (122). IGFBP-3 mRNA was three
to four times greater in 1CI-182780 treated MCF-7 cells versus
controls and more than 20 times greater compared with estra-
diol-treated cells. To demonstrate that IGFBP-3 is integral in
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mediating anti-prolific actions, recombinant | GFBP-3 was used
to inhibit basal and estradiol-stimulated cell proliferation, and
IGFBP-3 antisense ODN abrogated the growth inhibitory ef-
fects of anti-estrogen (122).

TGF-B. Anti-estrogen treatment stimulated TGF- secretion
8- to 27-fold in MCF-7 cells, resulting in attenuated ER-
negative human breast cancer cell growth. This effect was
reversed with anti-TGF-B antibodies, suggesting that TGF-B is
hormonally regulated and may have autocrine and paracrine
functions in breast cancer cells (135).

An increase in both IGFBP-3 mRNA expression and
IGFBP-3 secretion was observed within 8-h and 2-days
post-TGF-B2 treatment of ER-negative human breast cancer
cells (Hs578T), respectively; 4 days later cell growth was
suppressed (185). Gucev et al. (97) repeated this experiment
in adifferent human breast carcinoma cell line that is IGF-1
negative (MDA-MB-231). Their data illustrated that 3 days
of TGF-B2 treatment resulted in two- to threefold increase
in IGFBP-3 protein levels in conditioned media. A 5-day
treatment of exogenous recombinant human nonglycosy-
lated IGFBP-3 reduced cell survival in a dose-dependent
fashion. Since this cell line is devoid of IGF-1, results
suggested that IGFBP-3 inhibits cell proliferation in an
IGF-1 independent manner.

TGF-B was observed to be a potent stimulator of IGFBP-3
production in fibroblasts (168). In PC-3 cells, TGF- treatment
induced a large elevation of IGFBP-3, which lead to apoptosis
(197). IGFBP-3 sense and TGF-B1 induced apoptosis, whereas
an | GFBP-3 antisense oligomer blocked TGF-B 1-induced apop-
tosis in PC-3 cdlls, suggesting that IGFBP-3 is a crucia
intermediary step in mediating apoptosis. Apoptosis was atten-
uated when neutralizing antibodies of IGFBP-3 blocked
TGF-B induction of apoptosis, providing additional evidence
that increased IGFBP-3 expression is critically involved in
TGF-B-mediated programmed cell death.

IL-1. Treatment of interleukin (IL)-1B8 caused a time- and
dose-dependent induction of IGFBP-3 mRNA in Leydig cells.
This treatment caused an increase in IGFBP-3 transcription,
contributing to the inhibitory effects of IL-18 on cell steroido-
genesis (243). IL-1p3 treatment also caused a dose-dependent
increase in IGFBP-3 in conditioned media; IL-13 treatment
increased |GFBP-3 transcription rate and did not change the
stability of IGFBP-3 mRNA.

Whereas IL-18 is produced by activated macrophages and is
readily involved in pro-inflammation (59), IL-1« is constitu-
tively expressed in testes, localized to Sertoli cells, and is
involved in differentiation of Leydig cellsin rats (128). IL-1a-
stimulated Leydig cells resulted in increased IGFBP-3 secre-
tion (45). However, when Leydig cells were incubated with
both GH and IL-1q, intact IGFBP-3 levels decreased in culture
media. Furthermore, cell culture media catalyzed the degrada-
tion of IGFBP-3 with simultaneous appearance of fragments,
suggesting Leydig cells produce an IGFBP-3 protease (45).

IL-6. Prominent IL-6 production is commonly observed in
systemic juvenile idiopathic arthritis and this disease is accom-
panied by stunted growth and decreased IGFBP-3 and IGF-1
levels (56). While treatment with IL-6 increased biosynthesis
of IGFBP-3 protein and total mMRNA in a dose-dependent
manner in cocultures of hepatocytes and Kupffer cells (152),
rhiL-6 treatment in CB6F1 mice resulted in a significant
decrease in IGFBP-3 levels compared with saline-treated
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mice (56). Elevated pro-inflammatory cytokine IL-6 de-
creased |IGFBP-3 levels and caused a decreased association
of IGF-1 in the 150-kDa complex. Thus growth impairment
may be attributed to |GFBP-3 reduction and shortened half-life
of IGF-1 as decreased IGF-1 levels appeared to be secondary
to increased clearance.

Chronic overexpression of pro-inflammatory cytokine IL-6
in transgenic mice resulted in a 50% reduction in circulating
IGFBP-3 levels and a marked decrease in growth rate so that
adult transgenic mice are 50—70% the size of control litter-
mates (55). The decrease in IGFBP-3 was in part attributed
to increased proteolysis as intact IGFBP-3 protein was
decreased in transgenic mice. Whereas the mechanism ex-
plaining the IL-6-stimulated reduction in IGFBP-3 levelsis
not clear, IL-6 may directly affect IGFBP-3 production or
the effects may be secondary to IGFBP-3 proteolysis.

TNF-a. Pro-inflammatory cytokine TNF-a has been re-
ported to increase | GFBP-3 secretion and mRNA expression
in MCF-7, resulting in inhibition of cell proliferation (206).
TNF-o abrogated the inhibitory effects of estradiol on
IGFBP-3, resulting in IGFBP-3 accumulation. This response
has also been observed in cultured rat aortic vascular smooth
muscle cells (VSMC), which normally secrete only trace
amounts in IGFBP-3 (8). In the absence of TNF-a stimulation,
IGFBP-3 could not be detected in conditioned media or with
Northern blots. Treatment with increasing dosages of TNF-«
over a 24-h period increased both IGFBP-3 secretion and
MRNA expression with no change in other IGFBPs. Blocking
TNF-a induction with cycloheximide and actinomycin D in-
hibited induction of MRNA expression and protein secretion of
IGFBP-3, providing further evidence that TNF-a regulates
IGFBP-3 (8).

Retinoic acid. As an active derivative of vitamin A,
retinoic acid (RA) regulates the growth of a variety of cell
lines, including human breast cancer cells (2, 97, 169, 215),
osteoblast cells (262), and cervical epithelial cells (109). RA
antagonizes cellular proliferation of human breast carci-
noma cells presumably by increasing secretion of anti-
proliferative IGFBP-3 in vitro (74). However, others ob-
served secretion of IGFBP-3 from thiscell line, perhapsonly in
the absence of estradiol stimulation (120, 169). atRA, a FDA-
regulated drug, caused athreefold increase in IGFBP-3 expres-
sion in a human breast cancer cell line, indicating de novo
synthesis of IGFBP-3 (2).

In a separate study, lower atRA concentrations stimulated a
twofold increase in IGFBP-3 protein secretion into conditioned
media (169). Dose-dependent increases in IGFBP-3 mRNA
expression with atRA treatment was observed in MCF-7 cells
(215). Increasing treatment durations resulted in a dose-depen-
dent increase in IGFBP-3 mRNA expression with maximal
expression achieved after 48 h. RARB expression was induced
with atRA stimulation through an RAR«-dependent pathway
in MCF-7 (215) cells and human bronchial epithelia cells
(103).

In a human breast carcinomacell line, RA resulted in a two-
and threefold increase in IGFBP-3 mRNA and protein in
conditioned media, respectively (97). To show that IGFBP-3
was essential for the anti-proliferative effects of RA, cellswere
treated with a combination of antisense IGFBP-3 ODN and
RA. This treatment (but not sense ODN) failed to increase
IGFBP-3 protein in conditioned media by 80%, indicating
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IGFBP-3 is directly involved in mediating inhibition of cell
proliferation (97). Similar responses to RA have been docu-
mented in cervical epithelial cells, human osteoblast cells
(262), and human prostate adenocarcinoma cells (123).

Sodium butyrate. As a histone deacetylase inhibitor and
4-carbon fatty acid, sodium butyrate (NaB) exerts different
morphological and biochemical effectsin cell culture through
regulation of nuclear enzymes (191) to ultimately affect gene
expression and cell growth (140). For example, it inhibited
hyperacetylation of histones H3 and H4 (202) resulting in
increased transcriptional activity in HeLa cells (60). Other
effects include inhibition of protein methylation (20), reduced
RNA polymerase molecules and activity (164), increased
ADP-ribose polymerase activity (191), and more recently dis-
covered are its apoptotic effects on prostate cancer cells (32).
NaB transcriptionally upregulated IGFBP-3 mRNA and pro-
tein levels in PC-3 and LNCaP cells in both dose- and time-
dependent manners, with maximal induction after 2-h of treat-
ment (234). NaB involves two distinct regions in the IGFBP-3
promoter in PC-3 and LNCaP prostate cancer cells. PC-3 cells
are p53 null, implying NaB acts independently of p53 (234). It
has been proposed that NaB increases |IGFBP-3 expression in
breast cancer cells by activating the |IGFBP-3 promoter through
a Spl/Sp3 multiprotein complex (242).

Growth Stimulatory Agents

Growth hormone and IGF-1. In systemic models, IGF-1 and
IGFBP-3 are correlated with GH secretion, as patients with GH
deficiency (GHD) have reduced serum concentrations for all
three proteins, and patients with acromegaly have increased
levels (105, 107). Systemic GH administration corrects serum
IGF-1 and IGFBP-3 concentrations in GHD (19), whereas
IGF-1 treatment yields inconsistent effects. Chronic IGF-1
treatment of GH insensitivity increased serum IGFBP-3 in
patients (130), whereas additional studies failed to show in-
creases in |IGFBP-3 concentrations (98, 144).

In a different systemic model, hypophysectomized rats have
been used as a model to evaluate the relationship among
IGFBP-3, GH, and IGF-1. Recombinant human GH (41, 259)
and IGF-1 (41, 89) infusion induced a sevenfold increase in
IGFBP-3 in hypophysectomized rats. In GH-deficient dwarf
rats, GH or IGF-1 infusion induced IGFBP-3 mRNA levelsin
skin, whereas only GH infusion induced message levels in
muscle and liver (153). Since changes in IGFBP-3 and IGF-1
occur in parallel, this suggests GH mediates IGFBP-3 induc-
tion in part by IGF-1 (41).

Furthermore, local GH and IGF-1 treatment caused a three-
fold induction of IGFBP-3 protein in media conditioned by
human hepatocarcinoma cells in a dose-dependent manner
(96). IGFBP-3 mRNA was increased as early as 6 h post-GH
treatment, whereas mRNA levels increased 24 h post-IGF-1
treatment. Northern blots also showed that GH had an earlier
transcriptional effect on IGFBP-3 mRNA compared with
IGF-1. These observations suggested GH may act indepen-
dently of IGF-1 when augmenting IGFBP-3 mRNA levels. To
show that GH or IGF-1 did not affect IGFBP-3 through
ateration of mMRNA stability, the half-life of IGFBP-3 was
measured to be 14-18 h, and this was unchanged by either
treatment. Collectively, these results indicated that IGF-1 and
GH are true regulators of IGFBP-3 transcription (96).
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Epidermal growth factor. Marked reduction of IGFBP-3
levels were observed post-EGF treatment in ECE16—1 cells
(human papillomavirus-immortalized cervical epithelial cells)
(7). Also, addition of mitogenic EGF to basal human keratin-
ocyte cells (HaCaT) resulted in a 20-fold reduction in IGFBP-3
MRNA (249). Thus epiderma mitogens such as EGF may increase
locd IGF-1 avallability by inhibiting IGFBP-3 synthesis.

Posttranslational Modifications

Proteolysis. Metabolic demands appear to be a major deter-
minant of IGFBP-3 proteolytic activity. For example, preg-
nancy, NIDDM, and recuperation after surgery or illness re-
sults in increased proteolytic activity. Significant IGFBP-3
proteases have been described in extravascular fluids, such as
interstitial (252), synovia (68), follicular (50), and peritoneal
fluids (119).

Increased | GFBP-3 proteolytic activity has been described in
serum from pregnant women (5, 116). Analyses revealed that
| GFBP-3 detected in serum obtained during the second month
of pregnancy had reduced affinity for IGF-1 and IGF-2 (116).
In addition, immunoreactivity to IGFBP-3 was detected at 30
kDa, while 41.5- and 38.5-kDa bands were not detected. These
findings could most likely attributed to protease activity (116).
Proteolytic modification of IGFBP-3 resulted in cleavage of the
midregion, presumably by MMPs (metalloproteases) and
serine proteases as determined in vitro (14, 78).

In addition, Western blotting of human pregnancy serum
obtained from healthy volunteers during the third trimester
revealed a single 30-kDa band and occasional bands at 16 and
20 kDa, whereas nonpregnancy serum contained |IGFBP-3
immunoreactivity at 40—43 kDa and 30 kDa (5). Mass spec-
trometry and amino acid sequence analysis identified the 30-
kDa proteolytic fragment obtained from pregnancy serum by
the NH,- and COOH terminus. The fragment corresponded
to residues 1-212 of intact IGFBP-3, indicating cleavage
occurred in the COOH terminal. The proteolytic fragment
was reported to have an 11-fold decreased affinity for IGF-1
and 4-fold decreased affinity for IGF compared with intact
IGFBP-3. Even if proteolytic fragments of IGFBP-3 have
reduced affinity for IGF, these fragments may still inhibit both
IGF and insulin-induced cell growth (141, 142).

Theincreased proteolytic activity during pregnancy is attrib-
uted to the intense cell growth and metabolism. Similarly,
increased |GFBP-3 proteolytic activity was observed in serum
from NIDDM patients (12). Proteolytic activity was inhibited
by serine protease inhibitors, and the authors believed that the
increased proteolytic activity in serum from NIDDM (and
pregnant) patients resulted from reduced levels of protease
inhibitors and not increased proteolytic activity per se (12, 14).
Insulin regulated | GFBP-3 proteolytic activity in NIDDM serum,
and proteolysis increases IGF bioavailability (14). In addition,
IGFBP-3 proteolysis may counteract the resultant catabolic
postsurgery state (52). It is believed that increased proteol-
ysis is a compensatory mechanism that increases |GF bio-
availability (53).

Prostate-specific antigen (PSA) and human prostatic kal-
likreins (hK2, hK3) are also capable of inactivating |GFBP-3
by proteolytic degradation. PSA is a serine protease found in
seminal plasma that cleaves IGFBP-3 resulting in a marked
reduction in binding affinity of the fragments to IGF1 but not
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IGF-2 (43). hK2 and hK3 are IGFBP-3 proteases, with hK2
being more effective at lower concentrations (198). Heparin
remarkably enhances the ability of hK3 (but not hK2) to
degrade IGFBP-3, thus a combination of these molecules may
influence IGFBP-3 and the proliferation of normal and abnor-
mal prostatic cell (198).

Aspartic protease cathepsin D has been shown to cleave
IGFBP-3, whereas depletion of cathepsin D attenuates prote-
olysis (47). Urokinase-plasminogen activator (uPA), tissue-
plasminogen activator (tPA), plasmin, and plasminogen are
capable of modulating IGFBP-3. uPA and tPA were used to
proteolyze IGFBP-3 (13), and this may increase |GF-1 bioac-
tivity. These plasminogen-related molecules have been used to
dissociate IGF from IGFBP-3 in osteosarcoma cultures,
whereas dissociation was inhibited with plasminogen activator
inhibitor (PAI)-1 and uPA antibodies (31). Whereas |GFBP-3
binds plasminogen at the HBD, the IGFBP-3-plasminogen com-
plex can aso binds to IGF-1 with high affinity to decrease IGF-1
bioavailability (30). In addition, the human papillomavirus (HPV-
16) E7 oncoprotein aso enhanced proteolytic degradation of
IGFBP-3 while proteolysis is inhibited by proteasome inhibitors
(167). In summary, IGFBP-3 proteolytic degradation may be
regulated through metabolic demands and resultsin modulation of
its anti-gpoptotic actions and bioavailability of IGF.

Phosphorylation. Phosphorylation is an important posttrans-
lational modification of IGFBP-3 not only because IGFBP-3 is
secreted as a phosphoprotein, but phosphorylation is a critical
regulator of nuclear import of proteins (211). The phosphopro-
tein IGFBP-3 is constitutively phosphorylated at casein kinase
2 (CK2) sites (49). IGFBP-3 has two phosphorylation sites
contained within consensus sites, Ser''! and Ser'!® (111).
Dephosphorylation of these sites by CK2 appear to enhanceiits
binding to ALS and to cellular surfaces (49, 111).

IGFBP-3 can be phosphorylated in vitro by CK and cAMP-
dependent protein kinase (PKA) (49). Double-stranded DNA-
dependent protein kinase (DNA-PK) can phosphorylate three
potential sitesin the nonconserved domain of |GFBP-3: Ser'®6,
Ser'®S Thrl’® (134). All three sites are highly conserved
among human, bovine, pig, rat, and mouse IGFBP-3 (211).
DNA-PK is present in both the cytosol and nucleus (251);
however, it mainly acts in the nucleus (211). It is activated by
DNA damage and may be involved in DNA strand repair,
replication, gene transcription, and recombination of 2'-deoxy-
sio-guanosine (iG) genes (227).

DNA-PK phosphorylation of IGFBP-3 was shown to reduce
its affinity for IGF-1 and -2, whereas CK2, PKA, cdc2 (cyclin-
dependent protein kinase), and MAPK (mitogen-activated pro-
tein kinase) had no affect on ligand binding in a binding assay
(211). Interestingly, in vitro IGFBP-3 phosphorylation by
DNA-PK increased IGFBP-3 nuclear import resulting in ele-
vated maximal levels of nuclear accumulation, whereas other
kinases failed to increase nuclear import. It is possible that
DNA-PK acts in the cytosol to enhance IGFBP-3 nuclear
import.

Furthermore, inhibiting IGFBP-3 phosphorylation at two of
the three putative DNA-PK phosphorylation sites (Ser'®® and
Thrl70) in 22RV 1 cells with site-directed mutagenesis resulted
in apoptosisidentical to the wild-type IGFBP-3 (42). However,
mutation of Ser'® inhibited apoptosis and reduced nuclear
accumulation. These results suggest that phosphorylation
IGFBP-3 by DNA-PK regulates the growth inhibitory role
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of IGFBP-3. Taken together, cumulative data suggest that
|GFBP-3 phosphorylation can affect nuclear import, its bind-
ing affinity to other nuclear components, and growth inhibitory
actions.

Glycosylation. Each of the three potential N-glycosylation
sites in central region of IGFBP-3, Asn®, Asn'®, Asn'”?
increases the molecular weight of IGFBP-3 by 4, 4.5, and 0-5
kDa, respectively (71). The absence of N-glycosylation at any
site does not prevent its secretion from the cell. However,
glycosylation may confer IGFBP-3 protease resistance by
physically protecting susceptible sites or increasing the rigidity
of the protein (72). The interaction of IGFBP-3 with cellular
binding elements and IGFs has been speculated to involve neg-
ative charges on the targets. Charge reversal of the target signif-
icantly reduces binding affinity of the peptides, contributing
to aterations in protein-protein, protein-cell, and cell-cel in-
teractions (72). In addition, N-acetylgalactosaminyltransferase 14
(GaANAC-T14) was identified as an IGFBP-3 binding partner via
yeast two-hybrid screens and glutathione-S-transferase (GST)
pulldown assays (250). Interaction was further demonstrated with
coexpression of IGFBP-3 and GalNAc-T14 in human embryonic
kidney cells and co-immunoprecipitation. GANAc-T14 is proba
bly involved in O-glycosylation of IGFBP-3; however, there
are no predicted O-glycosylation sites on IGFBP-3. Therefore,
the function of GalNAc-T14 is unknown and whether the
interaction has biological significance remains to be deter-
mined.

Of clinical significance, study of children with congenital
disorders of glycosylation (CGD) shows incomplete glycosyl-
ation of ALS and IGFBP-3 is associated with lower levels of
IGF-1, IGF-2, IGFBP-3, and ALS compared with controls.
Ternary complex formation of IGF, IGFBP-3, and ALS was
impaired in CDG. Linear growth was improved with partial
normalization of ALS and IGFBP-3 glycosylation, demon-
strating probable functional significance of IGFBP-3 glyco-
sylation (175).

Ubiquitination. The ubiquitin-protease system serves as a
proteolytic degradation pathway for IGFBP-3. Ubiquitination
is achieved through successive actions of three enzymes. E1,
E2, and E3. E1 forms an ubiquitin-adenylate intermediate,
acting as a bond between the COOH terminal carboxyl group
of ubiquitin and the E1 active site; E2 is an ubiquitin-conju-
gating enzyme that attaches ubiquitin moieties to the target
protein; E3 functions as the substrate recognition module that
recruits the target, guides the transfer of the ubiquitin from E2
to the targeted protein’s lysine residues allowing for elongation
of the polyubiquitin chain (189). During ubiquitination, E3
recruits targeted proteins for degradation, E2 attaches the
ubiquitin marker to the target protein, and E1 forms the bond
between the ubiquitin and the E1 active site. Once the substrate
is ubiquitin-tagged for proteolysis, the substrate is fed into the
catalytic core for proteolysis and recycling (110).

IGFBP-3 is targeted to the ubiquitin-protease pathway, where
degradation of IGFBP-3 is dependent on E1 as modeled in a cell
line that expresses a temperature-senditive mutant of ubiquitin-
activating enzyme (ts20b) (207). Polyubiquitination of IGFBP-3
requires nuclear locdization because cytosolic IGFBP-3 has a
longer half-life compared with nuclear IGFBP-3, suggesting
greater proteolytic degradation of nuclear IGFBP-3 (207). Results
of this study demonstrated that nuclear IGFBP-3 is highly polyu-
biquitinated at multiple lysine residues and ubiquitination can
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be inhibited by specific 26S protease inhibitors that stabilize
nuclear IGFBP-3. Importantly, the molecular mechanism of
IGFBP-3 inactivation by human papilloma virus E7 is inacti-
vation of growth-inhibitory IGFBP-3 (167) is via interaction
with the NL S sequence (208). Figure 5 summarizes factors that
modulate |GFBP-3 transcription, availability and action.

IGFBP-3 ACTION IN CELLULAR AND WHOLE BODY MODELS
Cancer

The IGF-IGFBP system has been implicated in the patho-
genesis and progression of cancer (154). Multiple epidemi-
ological studies have examined the relationship between
serum IGF, IGFBP-3, and cancer incidence; however, re-
sults are controversial and are attributed to non-standardized
laboratory methods (6, 199, 204). The majority of empirical
IGFBP-3 research has shown potentiation or inhibition of
cell proliferation (61). IGFBP-3 controls IGF availability in
which IGFBP-3 maintains IGF-IR sensitization or slowly re-
leases IGF-1 to its receptor, resulting in a growth stimulatory
effect. Or, IGFBP-3 may bind IGF to inhibit interaction with its
receptor. Another explanation for this discrepant action in-
volves disruption of cholesterol-stabilized membrane com-
plexes or fibronectin receptor antibodies, which consistently
reverses | GFBP-3 apoptosis on breast cancer cellsin vitro (27).
| GF-dependent models show that IGFBP-3 is capable of in-
hibiting growth through sequestration of IGF-1. Additionally,
in vivo animal models suggest that |GFBP-3 suppresses tumor
formation and growth inhibition independent of IGF. This
section will focus on these pro- and anti-proliferative actionsin
cellular and animal models.

In vitro. IGF-DEPENDENT GROWTH STIMULATION. Although
IGFBP-3 is most known for its growth inhibitory effects,
IGFBP-3 has the capacity to maintain growth stimulatory
effects. Preincubation of bovine fibroblasts with IGF-1 re-
sulted in decreased IGF-R binding and subsequent decreased
IGF-1- stimulated DNA synthesis (48). However, the addition
of IGFBP-3 to this system during the preincubation blocked the
decrement in receptor availability and maintained IGF-R sensiti-
zation. IGFBP-3 may enhance IGF-1 activity by dowly releasing
IGF-1 to its receptor and inhibit IGF-R downregulation normally

REGULATION OF IGFBP-3

caused by high free IGF-1 exposure (94). Since IGF-1 has alower
affinity for proteolyzed IGFBP-3 than IGF-R, it may act to
preserve IGF-IR sensitivity secondary to IGF-1 binding.
IGF-DEPENDENT GROWTH INHIBITION. |GFBP-3 inhibited cell
proliferation in human promyelocytic leukemia cells, whereas
an IGF-1 analog with reduced affinity for IGFBP-3, [des-(1-
3)-IGF-1] failed to attenuate growth (155). Thus IGFBP-3
sequestration of IGF-1 prevented |GF-R binding while des-(1-
3)-IGF-1 could hind to IGF-R to preserve growth. Similarly,
IGFBP-3 inhibited estradiol production in human granulosa
cells when stimulated by FSH and 1GF-1, whereas des-(1-3)-
IGF-1 failed to produce the same effect in vitro (16).
IGFBP-3 can aso be used to inhibit cell growth in cells
resistant to epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitors (EGFR TKI). EGFR TKI blocked homo- and
heterodimerization of phosphatidylinositol 3-kinase (PI3K)
and Akt (63) to inhibit survival and cause apoptosis (231).
However, some cancers acquire resistance to EGFR TKI (64).
Thus IGFBP-3 can be used to inhibit activation of IGF-R and
subsequent downstream activation of cell survival pathways.
Toillustrate this point, a cell line with wild-type EGFR gene
amplification, A431, was used to induce acquired resistance
to EGFR TKIs (A43-gefitinib resistant). IGFBPs are down-
regulated in A43-gefitinib resistant cells and immunoprecipi-
tation of conditioned media, and subsequent incubation with
125|.|abeled IGF-1 demonstrated substantially more intense
IGFBP-3 binding in parental (gefitinib-sensitive) versus
gefitinib-resistant cells, indicating lack of IGFBP-3 may
contribute to increased activation of IGF-R pathway in
gefitinib-resistant cells (101). Reintroduction of IGFBP-3
reversed the resistant phenotype. Only combination treat-
ment of recombinant IGFBP-3 and gefitinib resulted in
marked inhibition on cell growth in A431-gefitinib-resistant
cells, whereas either treatment alone had no effect on cell
growth (101). Clinical trials conducted in patients with
non-small cell lung cancer orally ingested EGFR TKI and
this prolonged patient survival was prolonged with improve-
ments in disease-related symptoms and tumor regression
(82, 138, 216). Furthermore, combination treatment of ge-
fitinib and IGF-R-specific monoclona antibody treatment in
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mice with EGFR gene amplification prevented tumor recur-
rence, whereas either treatment alone failed to inhibit tumor
growth. The role of IGFBP-3 has not been investigated in vivo
and whether combination treatment of IGFBP-3 and gefitinib
would produce results of similar amplitude remains unknown.

IGF-INDEPENDENT GROWTH INHIBITION. Evidence suggests that
IGFBP-3 affects cell proliferation through |GF-independent
mechanisms (183). These independent effects were first man-
ifest by transfection of an IGFBP-3 overexpression vector into
cells lacking IGF-R. Overexpression of IGFBP-3 in murine
fibroblast cells with disrupted IGF-R gene resulted in growth
inhibition, whereas no effect was observed in wild-type cells.
These results indicate that IGFBP-3 acts independently from
the IGF-R to inhibit cell proliferation (236). In a different
study, a 16-kDa IGFBP-3 fragment with total loss of IGF
affinity inhibited |GF-1-stimulated DNA synthesis in a chick
embryo fibroblast assay to the same extent as intact IGFBP-3.
In addition, a 22/25-kDa fragment with 50-fold decreased
affinity for IGF-1 compared with intact rhiIGFBP-3 aso re-
duced IGF-1-stimulated DNA synthesis by 50%. The fragment
with weak affinity for IGF-1 is therefore a weak antagonist of
| GF action, whereas the fragment with no affinity for IGF was
able to abrogate |GF-stimulated cell proliferation (143).

Recombinant IGFBP-3 treatment resulted in DNA fragmen-
tation and a dose-dependent induction of apoptosis in a p53
negative prostate cancer cell line (PC-3) (197). Furthermore,
| GF-R-negative fibroblast cells derived from an IGF-R knock-
out (KO) mouse were treated with exogenous IGFBP-3 and
increased apoptosis. Transfection of IGFBP-3 into IGF-R-
negative murine fibroblasts demonstrated that DNA fragmen-
tation was more prevalent in cells transfected with IGFBP-3,
and not surprising, a substantial increase in apoptosis occurred
(197). Apoptosiswas only partially suppressed with exogenous
IGF-1, and apoptosis was unaffected by addition of long
(L)R3-IGF-1, an IGF analog that does not bind IGFBP-3 (197).
Taken together, these data suggest IGFBP-3 is capable of
inducing apoptosis in an |GF-1-independent manner.

Similarly, IGFBP-3 treatment on undifferentiated chrondro-
cytes, acdl linethat does not express IGF and IGFBP-3, resulted
in a 40-fold increase in pro-gpoptotic STAT-1 mRNA (232),
whereas no increasein STAT-1 was observed with combination
treatment of IGF-1 and IGFBP-3 or with IGF-1 alone. Upregu-
lation of STAT-1 was aso observed when chrondrocytes were
treated with a mutant IGFBP-3 incapable of binding IGFs,
showing | GF-independent regulation of STAT-1. An antisense
STAT-1 ODN abolished |GFBP-3-induced apoptosis indepen-
dent from IGF action. Moreover, demonstration of STAT-1
nuclear localization and phosphorylation in response to IGFBP-3
treatment provides additional evidence of |GF-independent
action (232).

Another mechanism of presumed IGF independence in-
volves IGFBP-3 activation of a phosphotyrosine phosphatase,
indicating IGFBP-3 can inhibit IGF-R activation to attenuate
mitogenic signaling (200). Normally, tyrosine kinase activity
leads to tyrosine phosphorylation of IRS-1 and IRS-2 to initiate
PI3K and MAPK. However, IGFBP-3 stimulated phosphoty-
rosine phosphatase, inhibiting IRS-1 and IRS-2 signaling, and
thus suppresses cell proliferation (200). Additionaly, GGG-
IGFBP-3, a mutant lacking intrinsic IGF binding affinity,
suppressed several key players in the apoptotic cascade, in-
cluding the c-Raf-MEK-ERK pathway and p38 kinase in rat
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insulinoma cells in a dose- and time-dependent manner (40).
These results suggest that IGFBP-3 inhibits cell growth
through an | GF-independent pathway.

Data from a different study that employed a non-1GF bind-
ing IGFBP-3 mutant suggest that IGFBP-3 binding to a cell
surface receptor or nuclear translocation into human breast
cancer cells are not required for growth inhibition (28). Breast
cancer cells (T47D) were infected with a mutant |GFBP-3-
expressing adenovirus. These cells had reduced cell surface
association and did not localize to the nucleus and still induced
caspase-dependent apoptosis in T47D cells. Furthermore, in-
cubation of mutant IGFBP-3 with vector-infected T47D cells
with LR3-IGF-I had no significant effect on the ability of
mutant IGFBP-3 to induce apoptosis. Thus this study showed
that the IGFBP-3 mutant inhibited growth even with reduced
cell surface binding and non-nuclear localization, suggesting
IGFBP-3 may function in multiple pathways to inhibit growth
in breast cancer cells (28) or that the mechanism of tumor
suppression may be cell-type specific.

Apoptosis may also be mediated by IGFBP-3, RXRa, and
Nur77. IGFBP-3 binds nuclear receptor RXRa, which is re-
quired for the apoptotic effects of IGFBP-3 (159, 161). RXRa
heterodimerizes with orphan nuclear receptor Nur77 to assist
trandlocation of Nur77 out of the nucleus. In the nucleus,
Nur77 functions as a transcription factor to mediate cell pro-
liferation, whereas in the mitochondria it mediates apoptosis.
In fact, translocation of Nur77 into the mitochondria induced
apoptosis in leukemia (260), lung (54), ovary (112), and colon
cancer cells (246).

The relationship among IGFBP-3, RXRa, and Nur77 was
confirmed utilizing RXRa™* and RXRa ™/~ embryonic car-
cinoma cells. IGFBP-3 treatment reduced nuclear Nur77 in
RXRa ™" cells, consistent with Nur77 translocation from the
nucleus to mitochondria, whereas nuclear Nur77 was increased
in RXRa '~ cells (150). Rapid mitochondrial translocation of
Nur77 by IGFBP-3 was mediated in part by an IGF-R inde-
pendent mechanism as IGFBP-3 still maintained its ability to
induce apoptosisin IGF-R negative embryonic fibroblast cells.

A follow-up study confirmed that Nur77 and IGFBP-3
associate in the cytoplasmic compartment in prostate cancer
cells (148). To illustrate that Nur77 translocation occurs
in vivo, LAPC-4 xenografts were implanted in severe com-
bined immunodeficiency (SCID) mice and after treatment with
IGFBP-3 or saline, tumor sections were stained against Nur77.
In tumors removed from mice treated with saline, Nur77
staining exhibited predominantly nuclear staining. However,
tumors removed from mice treated with IGFBP-3 treatment
had primarily cytoplasmic staining of Nur77. Collectively,
these data present arole for IGFBP-3 as a multicompartmental
signaling molecule.

IGF-INDEPENDENT GROWTH INHIBITION THROUGH OTHER EFFEC-
TORs. |GF-independent mechanisms may also be regulated
through other compounds. Asreviewed earlier, RA (2, 97, 169,
215), TGF-B (168), TNF-a (196), and 1,25-OHzD3 (22, 170)
can posttranscriptionally modify IGFBP-3 to potentiate its
growth inhibitory effects. 1,25-OH,D3 can increase IGFBP-3
protein and mRNA levels through posttranslational gene reg-
ulation. Since addition of exogenous IGFBP-3 inhibited cell
proliferation in LNCaP cells, it is interesting that antisense
IGFBP-3 ODN or neutralizing IGFBP-3 antibodies abrogated
the growth inhibitory effects of 1,25-OH,Ds. | GFBP-3 upregu-
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lated expression of p21/WAF1 protein to cause cell arrest, and
IGFBP-3 neutralizing antibodies completely blocked 1,25
OH2D3 induced upregulation of the cyclin-dependent kinase
inhibitory protein p2l/WAF1. Thus these data suggest that
IGFBP-3 is required for the anti-proliferative effects of 1,25-
OH2D3 and p2l/WAF1 may be responsible for the growth
inhibitory effects (22).

IGFBP-3 is also able to modify the actions of these anti-
proliferative agents. For example, treatment of ER-negative
human breast cancer cells with RA or TGF-B, resulted in
significant growth inhibition and a concomitant twofold in-
crease in IGFBP-3 protein and mRNA versus untreated con-
trols (97). Exogenous |GFBP-3 treatment alone inhibited cell
growth by 40%. However, antisense IGFBP-3 ODN inhibited
RA- and TGF-B2-induced increase of IGFBP-3 protein and
MRNA expression. As a result the anti-proliferative effects
were attenuated with either treatment. Cell proliferation was
not attenuated by sense IGFBP-3 ODN, suggesting that
IGFBP-3 affects RA and TGF-3,-associated growth inhibi-
tion (97).

Pro-inflammatory cytokines such as TNF-a and IL-1 stim-
ulate apoptosis via induction of DNA fragmentation (58).
Antisense IGFBP-3 ODN blocked TNF-a and IL-1-induced
DNA fragmentation in rat insulinoma and hamster insulin-
secreting tumor cells, respectively (217). In a different study,
antisense IGFBP-3 ODN also inhibited TNF-a apoptosis and
DNA fragmentation in mesangial cells (237). IGFBP-3 anti-
sense enhanced Akt phosphorylation (Thr3%) while recombi-
nant hIGFBP-3 inhibited Akt phosphorylation; this provides a
mechanism by which IGFBP-3 inhibits cell survival.

TNF-a treatment increased IGFBP-3 expression in PC-3
cells in a dose- and time-dependent manner (196). The apop-
totic response due to TNF-a was abolished with cotreatment of
antisense IGFBP-3 ODN or IGFBP-3 neutralizing antibodies
and inactivated survival protein Bcl-2. This indicated that
IGFBP-3 and concomitant Bcl-2 inactivation is necessary for
TNF-a-induced growth inhibition in PC-3 cells (196). These
studies indicated that IGFBP-3 may regulate induction of
pro-inflammatory cytokines and apoptosis in tumor cells.

Quercetin, a flavonoid found in grapes, green vegetables,
and onions, induced apoptosis of PC-3 cells (240). This was
accompanied with a decrease in IGF-1 and -2 and accumula
tion of IGFBP-3 in conditioned media. Also, anti-apoptotic
Bcl-2 and Bcl-xL protein expression was significantly reduced,
whereas pro-apoptotic Bax and caspase-3 expression were
upregulated (240).

IGF-INDEPENDENT CELL SURVIVAL AND PROLIFERATION. The ac-
tion of IGFBP-3 can be reversed with fibronectin and depletion
of membrane cholesterol (27). IGFBP-3 normally induces
apoptosis in breast cancer cells (Hs578T, MCF-7). However,
IGFBP-3 action was reversed in non-IGF-responsive Hs578T
cells when plated onto fibronectin such that | GFBP-3 enhanced
cell survival and proliferation (171). Furthermore, when a
specific antibody for the fibronectin receptor, o581, was ap-
plied used in C2-ceramide induced apoptosis, IGFBP-3 re-
versed apoptosis to promote cell survival (27). IGFBP-3 aso
reduced C2-induced apoptosis in the presence of filipin, an
agent used to deplete membrane cholesterol. Similar results
were observed in the presence of nystatin, an agent used to
disrupt cholesterol-stabilized complexes. IGFBP-3 intracellu-
lar localization was increased in the presence of nystatin,
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indicating the reversal of the action of IGFBP-3 was not due to
reduced |GFBP-3 entry into the cell.

In a different breast cancer cell line that has no detectable
caveolin-1 (MCF-7), a SPD reversed C2-induced apoptosis in
the presence of an agent that depletes membrane cholesterol
MBCD (27). This finding was surprising because SPD (which
lacks the region that interacts with transferrin) could affect
MCF-7 cells even in the absence of caveolin-1. Caveolin-1
may facilitate actions of full-length IGFBP-3 but more inter-
esting is the observation that fragments of IGFBP-3 can till
exert similar actions. Furthermore, SPD action on cell prolif-
eration is IGF independent because SPD is non-IGF hinding.
IGFBP-3 and its fragments such as SPD can either inhibit or
promote cell survival; the action is dependent on the status of
cholesterol-stabilized integrin receptor complexes (27).

In vivo. GROWTH INHIBITION. Mice bearing human prostate
22RV1 tumor xenografts were fed apigenin, a flavonoid
present in parsley and celery (219). Daily oral intake of
apigenin resulted in significant increases in tumor IGFBP-3
MRNA and apoptosis, concomitant with decreased tumor vol-
ume compared with control mice. An in vitro model was then
employed to demonstrate that apigenin induces IGFBP-3.
22RV1 cells were treated with apigenin or an IGFBP-3 anti-
sense ODN alone, or a combination of the two. Apigenin
treatment resulted in a 41% decrease in the number of viable
cells, increased apoptosis. Moreover, there was evidence of
poly (ADP-ribose) polymerase cleavage, indicative of dimin-
ished DNA repair capacity. |GFBP-3 antisense ODN treatment
resulted in a 9% increase in viable cells, and no evidence of
poly (ADP-ribose) polymerase cleavage. The combination
treatment reversed the apoptotic effects of apigenin by 31%,
suggesting that growth inhibition caused by apigenin is related
to IGFBP-3.

Continuous green tea polyphenol infusion for 24 wk sub-
stantially reduced IGF-1 and increased IGFBP-3 levels in the
prostate of transgenic adenocarcinoma of the mouse prostate
mice. Treatment was associated with attenuated protein expres-
sion of PI3K, phosphorylation of Akt, and significant inhibition
of vascular endothelial growth factor (VEGF), uPA, MMP-2,
and MMP-9, genes that promote angiogenesis (3). Similarly,
dietary feeding of silibinin, the active component of flavonoid
antioxidant silymarin (milk thistle extract) significantly inhib-
ited tumor volume in DU145 tumor xenograft nude mice.
Moreover, silibinin feeding before tumors were introduced also
resulted in reduced tumor weight. These anticancer effects
were attributed to increased plasma IGFBP-3 (224).

To examine effect of IGFBP-3 on angiogenesis, human CaP
xenografts (22RV 1) were established in SCID mice and mice
were treated with either rhiIGFBP-3 or saline over a 16-day
period (160). There was a sevenfold increase in transferase-
mediated nick end-labeling (TUNEL)-positive staining and
caspase-3 staining in tumors of mice treated with IGFBP-3
versus mice treated with saline. CD31 staining in microves-
sels and endothelial cells was reduced by half in tumors
treated with |GFPB-3 versus control, indicating |GFBP-3 sup-
presses intra-tumoral angiogenesis. Furthermore, cotreatment
of IGFBP-3 and VEGF, a potent stimulator of vascular forma
tion, inhibited VEGF-induced vessel formation in human en-
dothelial cellular vessel formation in matrigel. Treatment with
IGF-1 induced vascular formation, which is consistent with its
angiogenic effects. Treatment with IGFBP-3 blocked the an-
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giogenic effects of IGF-1 and treatment with LR3-1GF-1 par-
tially blocked vascular formation, suggesting that a fraction of
anti-angiogenic effects of IGFBP-3 were independent from
IGF-1. In adifferent experiment, IGFBP-3 inhibited growth of
new vascular vessels in chicken embryo chick allantoic mem-
brane, illustrating that IGFBP-3 inhibits angiogenesis in vivo.
The results of this study indicate that IGFBP-3 increases
apoptosis and attenuates tumor growth and angiogenesis (160).
These in vivo results are consistent with earlier in vitro work
that showed IGFBP-3 induced rapid apoptosis in endothelial
cells in an |GF-independent manner (79).

In contrast to the findings discussed above (160), Chang
et al. (36) showed that IGFBP-3 exerts pro-angiogenic effects
and promotes endothelial precursor cell migration in CD34*
(but not CD14" monocytes), tube formation, and differentia-
tion into endothelial cells. Injection of hematopoietic stem cells
transfected with the plasmid-expressing IGFBP-3 into the vit-
reous humor of mouse pups attenuated vascular regression,
increased vessel stabilization, and lead to quicker blood vessel
development during hyperoxic insult. These angiogenic
changes accounted for the reduced retinal ischemia in pups;
these observations were absent in pups injected with an empty
control vector. Pups treated with the IGFBP-3 plasmid showed
early enhanced pro-angiogenesis and reduced anti-angiogene-
sis as measured with vascular blood vessel formation and
preretinal neovascularization, respectively. Furthermore,
pups treated with IGFBP-3-expressing plasmids had in-
creased intraretinal vascular density and reduced preretinal
vascular density in the same midperiphery region, perhaps
indicating IGFBP-3 does not provide complete protection
from hyperoxia-induced vessel regression or specificity of
IGFBP-3 action.

Likewise, IGFBP-3 was also shown to stimulate neoves-
sel formation in human endothelial cells (93). In this study,
IGFBP-3 upregulated VEGF and matrix MMP-2 and- 9. The
discrepancy in IGFBP-3 action on cell growth may be model
and local environment specific. For example, IGFBP-3 exerts
pro-apoptotic effects in carcinoma models, whereas “healthy”
cells exposed to hyperoxic conditions and IGFBP-3 have
enhanced angiogenesis, neovascularization, and cell survival.
Indeed, utilizing IGFBP-3 KO mice, IGFBP-3 suppressed
retinopathy through suppression of oxygen-induced vessel l1oss
and promotion of vascular regrowth in a noncancer model
(163). In addition, IGFBP-3 may have arole in hematopoietic
stem cell and endothelial precursor cell function during vascu-
lar development (36).

IGF-INDEPENDENT GROWTH INHIBITION. TO examine the effect
of IGFBP-3 on tumor growth in vivo, SCID mice with LAPC4
xenografts were treated with either IGFBP-3, an RXR ligand
(VTP 194204), a combination of the two, or saline for 3 wk
(161). Although differences in gross tumor growth and apop-
tosis were absent or modest with either IGFBP-3 or the RXR
ligand treatment, respectively, TUNEL assays indicated mas-
sive cell death with combination treatment. Combination treat-
ment resulted in a 50% reduction in tumor growth and a 40%
reduction in serum PSA levels. IGFBP-3 and RXR ligand in
combination was essential to prevent tumor growth through
induction of apoptosis (161). Interaction between RXR and
IGFBP-3 presumably provides evidence for |GF-independent
effects on tumor growth.
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In another study, investigators aimed to differentiate
whether the pro-apoptotic effects of IGFBP-3 are IGF depen-
dent or independent. They bred the LPB-Tag mice (that have
increased susceptibility to prostate cancer) with CMVBP-3 and
PGKBP-3 mice (that have overexpression of IGFBP-3) and
PGKmBP-3 (which express nonbinding IGF-1 mutant, 156G/
L80G/L81G). The LPB-Tag mouse model represents the dele-
tion of the simian virus 40 large T-antigen (Tag) under long
probasin promoter (LPB), which is a murine cancer model that
is androgen-related, prostate-specific, and of epithelia origin
(131). The PGKBP-3 and CMVBP-3 model were developed by
cloning human IGFBP-3 cNDA downstream of either the
mouse phosphoglycerate (PGK) promoter or the cytomegalo-
virus (CMV) promoter, respectively, to result in IGFBP-3
overexpression (177). Whereas the 156G/L80G/L81G-mutant
IGFBP-3 does not bind IGF-1, it still retains its | GF-indepen-
dent apoptotic effects in vitro (220).

Overexpression of IGFBP-3 attenuated prostate tumor
development in both LPB-Tag/PGKBP-3 and LPB-Tag/
CMVBP-3 mice, with the latter having a greater effect
(220). The rate of tumor growth was significantly lower in the
LPB-Tag/CMVBP-3 mice versus LPB-Tag/PGKBP-3 mice.
LBP-Tag/CMVBP-3 mice had greater transgene expression in
prostate tissue compared with LBP-Tag/PGKBP-3 mice, but
circulating IGFBP-3 levels were similar. Therefore, tumor
growth retardation was mainly due to paracrine/autocrine ef-
fects of IGFBP-3 because LPB-Tag/CMVBP-3 mice had sig-
nificantly slower tumor growth, higher transgene expression in
prostate tissue, and similar circulating |IGFBP-3 levels com-
pared with LPB-Tag/PGKBP-3 mice (222). The LBP-Tag/
PGKmBP-3 (non-IGF-binding transgenic) and LPB-Tag/WT
had similar tumor growth. However, from 15 to 21 wk of age
the PPB-Tag/PGKmBP-3 mice had a significant reduction in
tumor growth. This suggests that early prostate tumor devel-
opment in these mice is IGF-1 dependent and later develop-
ment may be independent of IGF-1 (222).

Metabolism

In vitro. Chan et a. (35) showed that IGFBP-3 inhibited
insulin-stimulated glucose uptake in 3T3-L1 adipocytes. The
investigators believed it was most likely dependent on GLUT-4
translocation but independent of IGF-1 and IGF-R action.
Exposure to insulin aone resulted in a threefold increase of
GLUT-4 translocation in adipocytes. However, exposure to
insulin in conjunction with IGFBP-3 or IGFBP-3 NLS
mutant caused significant reductions in GLUT-4 transloca-
tion to the plasma membrane, 39% and 35%, respectively.
Whereas IGFBP-3 did not affect tyrosine phosphorylation of
the insulin receptor, IGFBP-3 reduced insulin-stimulated
Thr3%8 phosphorylation of Akt (but not Ser*”® phosphoryla-
tion). These observations suggest Akt may be involved in
IGFBP-3 inhibition of GLUT-4 translocation and insulin-stim-
ulated glucose uptake (35).

In a different study, IGFBP-3 was also shown to inhibit
insulin-stimulated glucose uptake in 3T3-L1 adipocytes
(133). However, in contrast to the previously mentioned study,
IGFBP-3 inhibited insulin-receptor phosphorylation. In addi-
tion, TNF-a treatment induced endogenous production of
IGFBP-3 in 3T3-L1 adipocytes, and IGFBP-3 inhibited adi-
ponectin expression in mature adipocytes. This suggests that
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during times of chronic inflammation and increased circulating
TNF-«, endogenous production of IGFBP-3 would increase in
adipocytes, resulting in a subsequent reduction in adiponectin
production.

Treatment and cellular expression of IGFBP-3 inhibited
adipocyte differentiation of 3T3-L1 fibroblasts, whereas an
IGFBP-3 mutant unable to bind to nuclear receptors failed to
elicit the same response (34). IGFBP-3 interfered with PPARy-
dependent adipocyte differentiation while the mutant that does
not bind RXRa or PPARy (a nuclear receptor known to
dimerize with RXRa) did not block the ligand-induced trans-
activation of the PPAR response element. Using a Hisb pull-
down assay, | GFBP-3 bound strongly to His6-PPARYy, whereas
the mutant failed to bind PPARy. IGFBP-3 interaction with
PPARy was further demonstrated with coimmunopreci pitation
using 3T3-L1 lysates, demonstrating that PPARy isan in vitro
binding partner of IGFBP-3 in adipocytes. IGFBP-3 was also
shown to inhibit PPARy heterodimerization with RXRa
in vitro (34).

Whereas TNF-« increased IGFBP-3 production in 3T3-L1
adipocytes (133), TNF-a blocked IGFBP-3 secretion from
primary human muscle myablasts to reduce myoblast differ-
entiation (76). In addition, IGFBP-3 secretion into conditioned
media increased during differentiation of myoblasts to myo-
tubes. IGFBP-3 antisense treatment reduced differentiation
and IGFBP-3 secretion into conditioned media, suggesting
IGFBP-3 is necessary for differentiation of myoblasts.

In vivo. Increased |GFBP-3 proteolysis has been implicated
in noninsulin-dependent diabetes mellitus patients, indicating
that IGFBP-3 may be a key modulator in metabolic disease
(12). Although initial reports suggested that |GFBP-3 overex-
pression in transgenic mice resulted in selective organomegaly
and had little effect on metabolism (178, 179), use of a
different promoter to overexpress IGFBP-3 resulted in dra-
matic metabolic effectsin mice (177). Human IGFBP-3 cDNA
was subcloned downstream of the mouse phosphoglycerate
(PGK) promoter or the cytomegaovirus (CMV) promoter and
transgenic (Tg) mice overexpressing | GFBP-3 were generated by
injecting transgenes into pronuclei of fertilized CD-1 zygotes
(177). Tg mice exhibited ubiquitous hIGFBP-3 mRNA expres-
sion, whereas wild-type (WT) controls had no hIGFBP-3 mRNA
expression (221).

Silhaet a. (221) reported that both transgenic mouse strains
were lighter at birth and at 12 wk when compared WT, which
corresponded to decreased body length. Liver and epididymal
fat weights were heavier in CMVBP-3 Tg mice (but not
PGKBP-3) mice while brain and kidney weights were reduced.
Although the opposite findings would be expected in IGFBP-3
knockout (KO) mice, heavier liver (and quadriceps) weights
were reported in 8-wk-old IGFBP-3 KO mice while body
weights and body lengths were greater in KO mice (253). In a
follow-up study, Silha et a. (221) reported that fasting blood
glucose levels were significantly elevated in CMBVP-3 and
PGKBP-3 Tg versus control mice, with CMVBP-3 Tg mice
having the highest fasting glucose levels. CMVBP-3 mice (but
not PGKBP-3) also had higher basal insulin concentrations
when compared with WT. Similarly, in response to intraperi-
toneal glucose stimulation, glucose tolerance tests demon-
strated that Tg mice had greater glucose concentrations over
180 min when comparing the areas under the glucose concen-
tration-time curves. Tritiated 2-deoxyglucose uptake was mea-
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sured under basal conditions, and CMVBP-3 Tg mice had
reduced clearance from the circulation versus WT mice,
whereas uptake into skeletal muscle and adipose tissue were
also reduced (221). This indicates that overexpression of
| GFBP-3 decreases glucose/insulin sensitivity at the periphery;
however whether central (hepatic) insulin resistance existed in
this model is unknown. In a recent report, IGFBP-3 KO mice
had no observed differencesin glucose concentrations during a
glucose tolerance test compared with WT mice (253). This
may indicate that IGFBP-3 contribution to whole body metab-
olism is complex and may reflect a scenario where genetic
deletion of IGFBP-3 aong with overexpression of |IGFBP-3
can contribute to a similar metabolic phenotype.

To show that IGFBP-3 affects peripheral insulin action
through central mechanisms, IGFBP-3 was infused into the
third ventricle of the hypothalamus in male rats (180). Intra-
cerebroventricular (ICV) infusion of IGFBP-3 significantly
blunted insulin action at the liver during a hyperinsulinemic
clamp. Under hyperinsulinemic conditions, IGF-1 infusion
decreased the contribution of glycogenolysisto hepatic glucose
production, whereas | GFBP-3 infusion resulted in a significant
increase in glycogenolysis. In a healthy liver, insulin stimula-
tion should reduce hepatic glucose production and glycogen-
olysis. Since IGFBP-3 infusion caused an increase in glyco-
genolysis, this indicates IGFBP-3 is associated with hepatic
insulin resistance. Furthermore, IGFBP-3 infusion significantly
attenuated peripheral glucose uptake while IGF-1 infusion
marginally increased peripheral glucose uptake under hyperin-
sulinemic clamp conditions in vivo. Thisisin accordance with
Silha et al. (221) who showed that IGFBP-3 overexpression
reduced glucose uptake in skeletal muscle and adipose tissue.
Collectively, these data indicate IGFBP-3 is associated with
hepatic insulin resistance and decreased peripheral glucose
sensitivity. Balancing IGF-1 and IGFBP-3 actions are para
mount in maintaining glucose homeostasis (180). |mportantly,
this publication demonstrated the presence of IGF-1, IGF-R,
and IGFBP-3 transcripts in the rat hypothalamus utilizing
RT-PCR. A more recent publication also localized IGFBP-3 in
murine and human neurons that secrete hypocretin, a neu-
ropeptide associated with narcolepsy (113).

Ning et a. (182) reported that the generation of an IGFBP-3
null mouse had no obvious metabolic phenotype. Therefore,
they generated a triple KO mouse (IGFBP-3, -4, -5) to study
the role of IGFBPs in metabolism. The triple KO mouse had
reduced body weights at birth and at 9 wk of age and reduced
gonadal fat pad and quadriceps muscle masses when expressed
relative to their body weight compared with their WT coun-
terparts. Since MAPK stimulates cell growth, differentiation,
and survival (80), decreased muscle weight may be attributed
to decreased MAPK activation. Basa glucose levels were
reduced by about ~30% in triple KO mice; blood 1GF-1
bioactivity and levels were reduced in triple KO mice.

The triple KO mice aso had higher insulin levels after
challenged with glucose, and the increased insulin levels per-
sisted for 30 min postglucose injection. The mice had increased
beta cell area, accounting for increased insulin secretion post-
glucose challenge, which the authors believed enhanced glu-
cose clearance postglucose challenge. The triple KO mice had
reduced IGF-1 levels and since IGF-1 can inhibit insulin
secretion in vivo (145), this may explain the increased insulin
secretion in the KO. The KO mice most likely had increased
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insulin activation of its receptor, which results in increased
PI3K activity and formation of phosphatidylinositol-3 phos-
phate, leading to increased glucose uptake (83). In addition, the
triple KO mice tended to have higher levels of phosphorylated
AKT levels compared with WT, which may have resulted from
increased insulin binding activity to its receptor. Although
insulin kinetics in the triple KO mice were different (greater
insulin secretion) from WT, interestingly the insulin tolerance
test revealed that insulin sensitivity was not different between
the triple KO and WT mice. The authors concluded that the
triple KO mouse had postnatal growth retardation and in-
creased insulin levels secondary to increased beta cell area.

Other Aspects of IGFBP-3 Action

Neuronal protection. Humanin was identified as a binding
partner of IGFBP-3, with binding involving the COOH-termi-
nal domain of IGFBP-3 in aregion distinct from IGF binding
(125). The 24-amino acid peptide is involved in protecting
neurons from death associated with Alzheimer’s disease and
amyloid-B cytotoxicity (108, 233). IGFBP-3 is associated with
humanin and antagonized its prosurvival effects in A172 gli-
oblastoma cells. Interestingly, addition of |GFBP-3 potentiated
humanin’s rescue ability in primary murine cortical neurons
from amyloid beta cytotoxicity and cell death.

Erectile dysfunction. Systemic infusion of IGF-1 or insulin
resultsin vasodilation (15) and since IGF-1 is produced locally
(57), it may be more functionally important in regulating local
blood flow. Streptozotocin-induced diabetes in rats resulted in
increased IGFBP-3 gene expression in major pelvic ganglia
(MPG) by twofold; this response was absent in controls (1).
Insulin aone or insulin plus free oxygen scavenger treatments
were used to inhibit gene expression in diabetic MPG. Further-
more, a 10-fold increase in IGFBP-3 mRNA and IGFBP-3
transcripts of ~3, 2.6, and 1.5 kb were detected in penile tissue
of diabetic rats but were absent in controls. This increase in
IGFBP-3 could be corrected by insulin aone or insulin plus
free oxygen scavenger treatments. Also, intracavernous pres-
sure and IGFBP-3 mRNA levels in MPG and penile tissues
were inversely correlated, indicating |IGFBP-3 may be reduc-
ing local 1GF hioavailability and inhibiting vasodilation. Sim-
ilar findings were reproduced by a different group who also
used streptozotocin-induced diabetes to increase |GFBP-3 ex-
pression in rats (228). Moreover, increased IGFBP-3 protein
was reported to be localized to the epithelium of the urethra,
penile endothelium, and smooth muscle in the corpus caver-
nosum. Thus hyperglycemia in combination with increased
IGFBP-3 expression may have a role in the development of
erectile dysfunction.

CONCLUSIONS

It seems that the context in which IGFBP-3 was first de-
scribed to inhibit IGF-1 action (132) has focused its function to
a carrier protein. Since this initial observation, IGFBP physi-
ological actions of IGFBP-3 have been extensively studied,
including 1) its endocrine and local regulation of IGF-1
availability and action on cell growth and metabolism, and
2) promotion of apoptosis in cellular and animal models
through both IGF-1-independent and -dependent pathways.
The latter has led to the development of anti-cancer therapies
that promote cellular apoptosis through regulation of gene
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transcriptional activity or co-administration of |GFBP-3 with
preexisting therapies. IGFBP-3 binds to nuclear proteins in-
cluding transcriptional factors. Because transcription factors
have been localized to other intracellular organelles, this sug-
gests that IGFBP-3 may also localize to other intracellular
compartments and organelles. Studies showing cytosolic and
nuclear localization of IGFBP-3 suggest that it has | GF-indepen-
dent functions. Current research demonstrating IGFBP-3's IGF-
independent roles in suppressing tumor formation and carcinoma
cell growth have used autocrine/paracrine models. Although this
in itself is not a novel concept, where locd IGFBP-3 is able to
modulate cell growth, the interplay between IGFBP-3 systemic
and locd regulation is a concept that may bear physiological
sgnificance. As IGFBP-3 has been shown to have a combination
of IGF-dependent and -independent roles, this could perhaps
reflect the interaction between the endocrine and autocrine/para
crine systems. To understand the role of IGFBP-3 in whole body
physiology, the juxtaposition of systemic and local regulation of
IGFBP-3 should be further investigated in both healthy and
diseased models. Further exploration of IGFBP-3 employing this
perspective may provide insight into the pathophysiology and
therapy across a wide continuum of disease.
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Abstract

Tumor suppression by IGF-binding protein 3 (IGFBP3) may occur in an IGF-independent manner,
in addition to its role as a regulator of IGF bioavailability. After secretion, IGFBP3 is internalized,
rapidly localized to the nucleus, and is later detected in the cytoplasm. We identified a putative
nuclear export sequence (NES) in IGFBP3 between amino acids 217 and 228, analogous to the
leucine-rich NES sequence of p53 and HIV Rev. Mutation of the NES prevents nucleocytoplasmic
shuttling of IGFBP3 and blocks its ability to induce apoptosis. Targeting of IGFBP3 to the
mitochondria and endoplasmic reticulum (ER) was confirmed by co-localization with organelle
markers using fluorescence confocal microscopy and subcellular fractionation. Mitochondrial
targeting was also demonstrated in vivo in IGFBP3-treated prostate cancer xenografts. These
results show that IGFBP3 shuttles from the nucleus to the mitochondria and ER, and that nuclear

export is essential for its effects on prostate cancer apoptosis.
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Introduction

Insulin-like growth factor-binding protein 3 (IGFBP3)
exerts its tumor suppressive properties via IGF-
dependent and -independent mechanisms (for review
see Firth & Baxter (2002)). IGFBP3 has been
historically described as a modulator of cell growth
through its IGF-dependent effects, specifically the
transport of IGF1 to its receptor resulting in poten-
tiation of IGF1 action, or sequestration of IGF1 from
its cognate receptor, inhibiting its activity. Sequester-
ing IGFs from signaling via their cognate receptor is an
important property of IGFBP3 that could be explored
in the therapy of cancer. However, IGFBP3 is now
widely accepted to have additional IGF-independent
properties (including apoptosis induction) that identify
it as a unique peptide for cancer therapy.

Several advances in the field have enabled research-
ers to demonstrate evidence for IGF-independent
effects of IGFBP3 wusing various strategies:
1) IGFBP3 mutants that do not bind to IGF1 (Buckway
et al. 2001, Hong et al. 2002, Yan et al. 2004) or IGF1
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analogs with reduced affinity for IGFBP3 (long
R3-IGF1, GroPep, Australia, and des-(1-3)-IGFlI;
Yamamoto & Murphy 1994, 1995); 2) biologically
active IGFBP3 fragments with total and partial
loss of IGF affinity respectively (Lalou et al. 1996);
3) transfection of an IGFBP3 overexpression vector
into cells lacking the type 1 IGF receptor (Valentinis
et al. 1995, Rajah et al. 1997); and 4) use of IGF1
negative cell lines (breast cancer cells and chondro-
cytes; Gucev et al. 1996, Spagnoli et al. 2002).

Transgenic mice overexpressing either IGFBP3 or
the non-IGF-binding mutant GGG-IGFBP3 mated with
amouse model of prostate cancer demonstrated convin-
cingly that a) IGFBP3 potently inhibits prostate cancer
growth and progression, and that b) these effects are
mediated by both IGF-dependent and IGF-independent
mechanisms (Silha ef al. 2006). Together, in vitro and
in vivo studies provide convincing evidence supporting
IGF-independent actions of IGFBP3.

After secretion, IGFBP3 is internalized via endocy-
tic mechanisms and localizes to the nucleus
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(Schedlich ef al. 1998, 2000, Lee et al. 2004). This
transport is mediated by importin-f3 and a C-terminal
nuclear localization sequence (NLS; Schedlich et al.
2000). In addition, phosphorylation of IGFBP3
by DNA-dependent protein kinase enhances
nuclear accumulation and its apoptotic activities
(Cobb et al. 2006).

We previously proposed a role for IGFBP3 in the
nucleo-mitochondrial translocation of the nuclear
receptors RXRa and Nur77 to initiate the intrinsic
apoptotic pathway and caspase activation, as well as
demonstrating that IGFBP3 and Nur77 associate in
the cytoplasmic compartment of 22RV1 cells (Lee
et al. 2005, 2007). Importantly, the nuclear transcrip-
tion factors p53, Nur77, and RXRa have been shown
to be actively transported out of the nucleus to
mitochondria dependent on leucine-rich nuclear
export sequences (NES; Stommel et al. 1999, Cao
et al. 2004, Moll et al. 2006).

For this study, we identified sequence elements in
IGFBP3 that are required for nuclear export and
mitochondrial localization. We found that nuclear
export is required for IGFBP3-induced apoptosis, and
that exogenously administered IGFBP3 localizes to
mitochondria in 22RV1 prostate cancer xenografts.
These findings suggest that IGFBP3 may be regulated
by trafficking between nuclear and extranuclear
targets, and that these extranuclear targets mediate its
apoptotic effects in prostate cancer cells.

Materials and methods
Materials

Insmed (Glen Allen, VA, USA) provided recombi-
nant human IGFBP3. Commercial antibodies
included anti-human IGFBP3 from DSL (Webster,
TX, USA) and R&D systems (Minneapolis, MN,
USA); anti-human PDI (for ER identification) was
from Stressgen (Ann Arbor, MI, USA); anti-human
ACSL4 (for MAM identification) and anti-human
RXRa was from Santa Cruz Biotechnologies (Santa
Cruz, CA, USA); and control goat IgG from Santa
Cruz Biotechnologies. Anti-human Bcl-2 and Hsp60
were from Abcam (Cambridge, MA, USA). Nur77
antibody was in-house generated and previously
described (Lee er al. 2005). DNA PKcs antibody
was from Kamiya Biochemical Company (Seattle,
WA, USA). SDS-PAGE reagents, Tween, and fat-
free milk were purchased from Bio-Rad. ECL
reagents were from Amersham. All other chemicals
were from Sigma-Aldrich.
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Cell culture

22RV1 cells were maintained in RPMI 1840 medium
containing 10% FCS (Life Technologies), 100 units of
penicillin/ml, and 100 units of streptomycin/ml in a
humidified environment with 5% CO,. Fibroblasts
from an IGF1 receptor knockout and corresponding
wild-type (WT) mouse were a kind gift from Dr Renato
Baserga (Sell ez al. 1993, Valentinis et al. 1995). These
cells are designated receptor-negative (R—) embryo-
nic fibroblast cells (MEFs). The R-cells were main-
tained in DMEM containing 10% fetal bovine serum
and geneticin (G418). All cells were used before
passage 6.

Site-directed mutagenesis

Mutant NES IGFBP3 protein was constructed by
conversion of two leucine residues — at positions 224
and 227 to alanines by second-round PCR overlap
mutagenesis. Stratagene’s QuikChange Primer Design
Program at www.stratagene.com/qcprimerdesign was
used for designing primers to introduce the site-directed
mutations. Primers GGAAGACACACTGAAT-
CACGCGAAGTTCGCCAATGTGCTGAGTCCCA-
GG and CCTGGGACTCAGCACATTGGCGA
ACTTCGCGTGATTCAGTGTGTCTTCC were used
to generate the **L to A and **’L to A double mutant.
Underlined are the nucleotides introducing the
mutations.

For subcloning into the pFLAG CMV vector
(Sigma) and C-terminal FLAG sequence, fusion
mutants were amplified with engineered EcoRI and
Kpnl restriction sites to the sense and antisense primers
respectively: GCTGAATTCCCACCATGCAGC-
GGGCGCGACCCACG and ATCGGTACCC-
TACTTGTCATCGTCGTCCTTGTAATCCTTGCT-
CTGCATGCTGTAGCAGTGC. Mutants were
confirmed by sequencing.

Transient transfections and cell death ELISA

Cells (2X10% were seeded in 96-well culture
plates. Reagents were appropriately scaled up to
six-well plates for transfections that were followed
by mitochondrial isolation and subsequent western
immunoblotting. Transfections were done with
Lipofect AMINE:PLUS Reagent as directed by the
manufacturer  (Invitrogen). Typically, 50 ng
B-galactosidase expression vector (pSV-B-Gal,
Promega) and 50 ng expression vector were mixed
with carrier DNA to give 0.2 pg total DNA per
well. After 24-48 h of transfection, photometric
Cell Death ELISA (Roche Applied Science) was
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performed according to the manufacturer’s instruc-
tions to quantify histone-associated DNA fragments
(mono- and oligonucleosomes) generated by apopto-
tic cells.

Co-immunoprecipitation and western
immunoblots

22RV1 nuclear or cytoplasmic extracts were immuno-
precipitated with control IgG, anti-IGFBP3, or anti-
RXRa antibodies. Briefly, 250 pl of protein A-agarose
were incubated overnight at 4 °C with 5 pl of anti-
human IGFBP3 antibodies. About 125 pl of each
antibody-treated protein A-agarose were added to
10 pg protein extract and incubated for 3 h at 4 °C
with shaking. Immunoprecipitated proteins were
pelleted by centrifugation and washed three times
with 500 pl IP wash buffer (1 X PBS(Ca** Mg ™ free),
0.05% NP40, 0.02% NaN3). Two hundred microliters
sample buffer was added to each sample and vortexed
vigorously. Samples were boiled and vortexed again to
release protein—antibody complexes from the protein
A-agarose. The protein A-agarose was then separated
from the immunoprecipitated complexes by centrifu-
gation. The supernatants were saved, and the immuno-
precipitated proteins were separated by nonreducing
SDS-PAGE (8%) at constant voltage overnight, then
transferred to PVDF for 4h at 170 mA. The
nitrocellulose was immersed in blocking solution
(5% nonfat milk/PBS) for 45 min, washed with TST
wash buffer (0.15 M NaCl, 0.01 M Tris base, 0.3%
Tween 20, pH 7.4), 0.1% Tween, and incubated with
primary anti-human IGFBP3 antibody (1:4000) for 2 h.
After washing off any unbound antibodies, the PVDF
was incubated with a secondary antibody (1:10 000) for
1 h. The membrane was washed four times with TST
wash buffer. Bands were visualized using the peroxidase-
linked enhanced chemiluminescence detection system
(ECL, Amersham Pharmacia Biotech). Experiments
were repeated three times.

Subcellular fractionation procedures

Nu-CLEAR Protein Extraction Kit was from Sigma—
Aldrich, and isolation was followed according to the
manufacturer’s protocol.

Isolation of mitochondria, endoplasmic
reticulum, and mitochondria associated
membrane fractions

Membrane-associated fractions were isolated accor-
ding to the published protocols (Bozidis et al. 2007).
This procedure combines differential centrifugation
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(for separation of the postnuclear supernatant from
nuclei and cellular debris at low g forces) and a self-
generating Percoll gradient centrifugation.

Immunoflourescence confocal microscopy

For overexpression staining, 30 000 cells per chamber
were plated, and 200 ng plasmid was transfected using
Lipofectamine 2000 (Invitrogen) and cells were used
for immunohistochemistry 48 h after transfection.
Cells were stained live with MitoTracker Deep Red
633 FM (Molecular Probes, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Cells
were fixed for 10 min in 4% paraformaldehyde in PBS
and permeabilized in 0.2% Tween 20. Incubations with
primary antibody and secondary reagent were done for
1 h at room temperature. For the FLAG-tagged
IGFBP3 construct, anti-FLAG antibody rabbit poly-
clonal (Cell Signaling, Danvers, MA, USA) was used
at 400X dilution, followed by Alexa Fluor 488 Goat
Anti-Rabbit conjugate (Molecular Probes) at 1:400, i.e.
5 pg/ml final concentration. Counterstaining of nuclei
was done with DAPI, and cells were mounted in
ProLong Gold antifade reagent (Molecular Probes).
Acquisitions were done using Leica DM IRE2
Microscope and Leica Confocal Software. Endogenous
IGFBP3 was detected with anti-human IGFBP3 goat
polyclonal antibody (R&D), followed by Alexa Fluor
488 (Molecular Probes). Endoplasmic reticulum (ER)
was labeled with anti-human PDI mouse monoclonal
antibody (Stressgen), followed by Alexa Fluor 633
rabbit anti-mouse IgG (Molecular Probes). For ER
staining, samples were stained according to the
manufacturer’s references (i.e. only methanol fixa-
tion/permeabilization for 20 min at —20°C was
carried without fixation in paraformaldehyde).

Tumor xenografts

22RV1 xenograft tumors were generated by injection
of 1X10° cells in 200 pl mixed at a 1:1 dilution with
Matrigel in the right flank of male SCID mice. Tumors
were established for 2 weeks before the start of
treatment. Ten SCID mice with 22RV1 tumors were
treated twice per day with saline or IGFBP3 (40 mg/kg
per day) given by divided i.p. injections. The mice
were killed after 3 days. Tumors were harvested, and
immediately processed with Mitochondria Isolation
Kit (animal tissue specific, Sigma). Mitochondrial
proteins were resolved by SDS-PAGE and immuno-
blotted with IGFBP3 antibody (DSL).
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Statistical analysis

All experiments were repeated at least three times.
Means +s.p0. are shown. Statistical analyses were
performed using ANOVA utilizing InStat (GraphPad,
San Diego, CA, USA). Differences were considered
statistically significant when P <0.005, denoted by **.

Results

Rapid IGF-independent nuclear localization
of IGFBP3 and cytoplasmic export

Nuclear localization of IGFBP3 is a well-described
phenomenon and has been demonstrated in a variety
of cellular models (Jaques et al. 1997, Li et al. 1997,
Wraight et al. 1998, Liu et al. 2000, Sun et al.
2008). IGFBP3 possesses a consensus bipartite NLS
(Radulescu 1994), and nuclear transport is facilitated
by importin-f factor (Schedlich et al. 2000). We have
begun to characterize the intracellular trafficking of
IGFBP3 and its relation to biological function. We
have also recently published mechanisms involved in
the internalization of IGFBP3 after secretion (Lee et al.
2004). After internalization by endocytic pathways,
IGFBP3 is first targeted to the nucleus (Fig. 1A). About
500 ng of rhIGFBP3 was added to 22RV1 CaP cells for
15 min. Subcellular fractions were isolated, and
IGFBP3 was immunoprecipitated with goat polyclonal
anti-IGFBP3 antibody. Immunoprecipitation of treated
cell lysate with control IgG is also shown on the right.
Proteins were resolved by SDS-PAGE, and IGFBP3
was identified by immunoblotting with mouse mono-
clonal anti-IGFBP3 antibody. Within 15 min of
addition of IGFBP3, we were able to detect IGFBP3
in the nucleus, suggesting that this is the initial
destination of internalized IGFBP3. To expand the

A SF BP-3 SF BP-3 IgG
Endogenous BP-3

Exogenous BP-3

Nuclear Cytoplasmic

+IGFBP3 +IGFBP3
SF 15min 60min 180min SF 15min 60min 180 min

BP-3
Hsp60
PARP

Nuclear Cytoplasmic

Figure 1 IGFBP3 enters the nucleus rapidly and subsequently
is exported to the cytoplasm. (A) 22RV1 CaP cells treated with
IGFBPS3 for 15 min, and subcellular fractions were immuno-
precipitated and immunoblotted with IGFBP3 antibody.

(B) Time course of IGFBP3 subcellular localization in R-MEF
cells, Hsp60, and PARP were used to assess purity of the
subcellular fractions. SF, serum-free control.
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time course and explore the IGF-independent
intracellular trafficking of IGFBP3, we utilized IGF
R — MEFs derived from an IGF1R knockout mouse.
These cells have been shown previously to neither bind
nor respond to IGFs (Sell et al. 1993). R-MEFs were
pulsed with 500 ng of IGFBP3, and its subcellular
localization was followed over a 180 min time course
(Fig. 1B). To demonstrate the purity of the fraction-
ation, expression of mitochondria-specific protein
Hsp60 and nuclear-specific protein poly(ADP-ribosyl)
polymerase (PARP) is shown. Again, the primary
destination of IGFBP3 in 15 min is the nucleus, after
which levels in the cytoplasm begin to increase,
consistent with an active export mechanism.

A highly conserved NES lies within the C-terminal
domain of IGFBP3

Because of the preliminary data in Fig. 1 showing the
shuttling of IGFBP3 from the nucleus to the cytoplasm,
we examined the primary amino acid sequence of
IGFBP3 to determine whether it contains a leucine-rich
sequence of conserved spacing and hydrophobicity,
which fits the criteria established for an NES (Bogerd
et al. 1996, Kim et al. 1996). We observed that the
C-terminal residues between amino acids 190 and 201
conform to this motif, as indicated by their similarity to
other known NESs such as HIV Rev and p53 (Table 1;
Fischer et al. 1995, Stommel et al. 1999). In addition,
alignment of this sequence across other members of the
IGFBP family is shown. This sequence is highly
conserved in widely divergent species. In addition to
its role as a nuclear transcription factor, p53 has a
confirmed pro-apoptotic role at the mitochondria
(Mihara et al. 2003). This putative sequence suggests
extranuclear trafficking of IGFBP3 and the possibility
of a mitochondrial function for IGFBP3.

Table 1 A nuclear export sequence (NES) in insulin-like growth
factor-binding protein 3 (IGFBP3)

p53 340 MFRELNEALELK 351
HIV rev 72 LP-PL-ERLTLD 84
BP-3 217 MEDTL-NHLKFL 227
BP-5 196 MEASL-QELKAS 206
BP-4 178 LHRAL-ERLAAS 188
BP-2 234 LDQVL-ERISTM 244
BP-6 167 LDSVL-QQLQTE 177
BP-1 194 SGEEI-SKFYLP 204

This region was identified in the C-terminal region of IGFBP3
between AA 217 and 228 due to similarity to established NES in
regions of conserved spacing and hydrophobicity in p53 and
HIV Rev proteins. Analogous regions of other members of the
IGFBP family are shown in descending order of similarity.
Hydrophobic amino acids are highlighted in bold.
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We constructed a mutant NES IGFBP3:FLAG
(C-terminal) fusion consisting of leucine to alanine
conversions at residues 197 and 200, since analogous
mutations in other NES-containing proteins have been
reported to prevent nuclear export (Bogerd et al. 1996,
Kim et al. 1996, Stommel et al. 1999). WT or mutant
NES:FLAG constructs were cloned in expression
vectors, verified by sequencing, and transiently
transfected to assess subcellular localization.

Western immunoblotting revealed that anti-IGFBP3
antibody recognized the mutant NES (Fig. 2A).
Fractionation of transfected 22RV1 prostate cancer
cells into nuclear and cytoplasmic fractions revealed
that whereas WT IGFBP3 had equal distribution
between nuclear and cytoplasmic fractions 48 h after
transfection, IGFBP3 NES mutant displayed increased
expression in nuclear versus cytoplasmic fractions
compared with WT IGFBP3 (Fig. 2B). Densitometric
quantitation of the IGFBP3 bands revealed a dramatic
increase in nuclear retention of IGFBP3 with con-
comitant decrease in cytoplasmic localization.
Immunoblotting with DNA PKcs and with Hsp60
were used to assess purity of the nuclear and
cytoplasmic fractions respectively.

Analysis by indirect immunofluorescent confocal
microscopy correlated with subcellular fractionation
for IGFBP3 localization with the mutant NES, showing
increased accumulation in the nucleus (Fig. 2C).

Impaired nuclear export of IGFBP3 retains
RXRa/Nur77 heterodimers in the nucleus and
abolishes the apoptotic actions of IGFBP3

We have previously described nucleo-mitochondrial
translocation of nuclear receptor RXRa/Nur77 hetero-
dimers to activate the mitochondrial pathway in
apoptosis induction by IGFBP3 (Lee et al. 2005,
2007). We studied the effect of overexpressing
mNES IGFBP3 on the subcellular localization of
RXRa/Nur77. Mutation of the IGFBP3 NES did not
impair the interaction with RXRa or Nur77 (data not
shown). mNES as well as WT IGFBP3 expression
vector was transiently transfected in 22RV1 CaP cells,
and cell lysates were fractionated into nuclear and
cytoplasmic fractions. Fractions were then immuno-
precipitated with anti-RXRa antibody and immuno-
blotted with anti-Nur77. Overexpression of mNES
IGFBP3 results in a marked increase in nuclear retention
of RXRo/Nur77 (Fig. 3A), impairing nuclear export of
important mediators of the apoptotic action of IGFBP3.

To directly examine the functional relationship
between the localization of IGFBP3 and its effects on
apoptosis, we transiently transfected 22RV1 prostate
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cancer cells with expression vector, WT IGFBP3, and
mNES IGFBP3 (Fig. 3B). Transfection of WT IGFBP3
in 22RV1 cells increased oligonucleosomal fragments,
as measured by a cell death ELISA, by 56% compared
with empty vector transfection control. Retaining
IGFBP3 in the nucleus by mutating the NES
completely inhibited the ability of IGFBP3 to induce
apoptosis. These studies confirm the integral role of
extranuclear trafficking of IGFBP3 via its NES for its
apoptotic properties.

Association of IGFBP3 with mitochondria
and ER in vitro

In an attempt to obtain more detailed information on
IGFBP3 subcellular protein localization of endogenous
IGFBP3 in 22RV1 prostate cancer cells, we utilized a
subcellular fractionation that combines differential and
Percoll gradient centrifugations, as this is the preferred
method for higher purity fractions (Bozidis et al.
2007). The internal membranes were segregated into
mitochondria (Fig. 4A, lane 1), mitochondria-associ-
ated membrane (MAM,; lane 2), ER (lane 3), and a
pellet from the MAM fraction that was collected at
low g centrifugation, representing an intermediate zone
between mitochondria and MAM fraction (lane 4). The
MAM fraction, a subdomain of the ER which consists
of membrane tubules that provide direct physical
contact between the ER and mitochondria, was
fractionated to high purity (Vance 1990). The presence
of IGFBP3 in the various membrane fractions was
assessed by immunoblotting. The relative purity of the
fractions was assessed by the presence of specific
marker antibodies (Hsp60—mitochondria; PDI-ER;
ACSL4-MAM). Under baseline conditions in vitro,
IGFBP3 localizes to the mitochondria (lane 1), and is
even more abundantly represented in the ER and MAM
membrane fractions (lanes 2 and 3 respectively). Bcl-2
expression is detected in all membrane fractions, as
previously described (Lithgow et al. 1994). RXRa was
detected most prominently in the mitochondria
fraction, as well as a faint presence in the MAM. The
presence of RXRa in lane 4 may represent mito-
chondria in this transitional layer. In addition, Nur77,
another binding partner of IGFBP3, was identified in
the MAM and ER, with faint presence in the
mitochondrial fraction. Mitochondrial localization of
RXRo and Nur77 has been described previously (Cao
et al. 2004). Immunoflourescence studies revealed
co-localization of endogenous IGFBP3 with Mito-
tracker and PDI, an ER marker, consistent with the
subcellular fractionation studies (Fig. 4B).
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Figure 2 Subcellular localization of IGFBP3 mutants. (A) Recognition of mutant IGFBP3 by IGFBP3 antibody. (B) mNES IGFBP3
accumulates in the nucleus. 22RV1 cells were transfected with WT and mutant IGFBP3 expression vectors, and fractionated into
cytoplasmic and nuclear fractions 48 h after transfection. IGFBP3 NES mutant shows increased amounts in nuclear versus
cytoplasmic fractions compared to WT IGFBP3. Quantitation of densitometry for IGFBP3 shown on right. C, cytoplasmic fraction;
N, nuclear fraction. (C) Immunofluouresence of transfected WT and mutant IGFBP3 in 22RV1 prostate cancer cells. Green,

anti-FLAG (IGFBP3); blue, DAPI (nuclear staining).

Mitochondrial targeting of IGFBP3 in vivo

To determine whether administered IGFBP3 is
targeted to mitochondria in vivo, we administered
saline or recombinant human IGFBP3 (Insmed, Inc.)
at 40 mg/kg i.p. divided twice a day for 3 days to male
SCID mice carrying 22RV1 prostate cancer tumors.
Over this short-time period, tumor size did not
decrease (data not shown) as we have described for a
longer incubation (Liu et al. 2007), and as others have
described in a transgenic model utilizing a non-IGF-
binding mutant (Cohen 2006, Silha et al. 2000).
Mitochondria were isolated utilizing the Sigma animal
tissue mitochondrial isolation kit, and associated
proteins were resolved by SDS-PAGE (Fig. 5).
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In three of four tumors examined, IGFBP3 was
found to be associated with mitochondria. Hsp60 and
PARP were used to assess purity of the mitochondrial
fraction.

Discussion

In the present study, we have expanded on previous
structural elements that regulate the intracellular
localization of IGFBP3, namely a C-terminal NLS
(Schedlich et al. 2000). In the nucleus, IGFBP3 may
interact with the nuclear receptors RXRa and RAR to
modulate DNA transcription (Liu et al. 2000,
Schedlich et al. 2004), not unlike related binding
protein IGFBP5 which also localizes to cell nuclei and
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Figure 3 Nuclear export is required for the apoptotic actions of
IGFBP3. (A) Overexpression of mMNES IGFBP3 in 22RV1 cells
induces nuclear retention of RXRa/Nur77 protein complexes
compared to WT IGFBP3 overexpression. Mock transfection
and co-immunoprecipitation with control IgG are shown on the
left. After overexpression, cell lysates were fractionated and
immunoprecipitation was performed as indicated. (B) Trans-
fection of wild-type IGFBP3 in 22RV1 cells increased oligonu-
cleosomal fragments by 56% compared to empty vector
transfection control. Retaining IGFBP3 in the nucleus by
mutating the NES blocked the ability of IGFBP3 to induce
apoptosis.

interacts with RXRa, RAR, and the vitamin D receptor
(Schedlich et al. 2004, 2007). In addition, nuclear
ubiquitination of IGFBP3 on lysine residues with
subsequent degradation has been described (Santer
et al. 2006). We have demonstrated cytoplasmic
interaction of endogenous IGFBP3 with the nuclear
receptor Nur77 (Lee et al. 2007). Upon addition of
exogenous IGFBP3, RXRa/Nur77 heterodimers trans-
locate to mitochondria and activate the intrinsic
apoptotic pathway (Lee er al. 2005).
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PDI
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Upon internalization by the cell, IGFBP3 is rapidly
endocytosed to the nucleus and is actively transported
to the cytoplasm, since mutations in the NES cause
nuclear accumulation of IGFBP3. We also describe the
mitochondrial localization of endogenous IGFBP3, as
evidenced by subcellular fractionation and immuno-
fluouresence confocal microscopy. Significantly, we
have recently published that IGFBP3 and BAX
interaction at the mitochondria activates testicular
germ cell apoptosis (Jia et al. 2009). IGFBP1 has been
reported to be up-regulated in response to p53
activation and antagonizes p53 mitochondrial
accumulation secondary to BAK inactivation at
mitochondria in hepatocytes (Leu & George 2007).
However, IGFBP1 has not been described in the
nucleus and is most dissimilar to the other IGFBPs in
the leucine-rich hydrophobicity characteristic of NES
(Table 1). This, combined with the fact that sequence
analysis by subcellular localization bioinformatics
programs does not indicate a mitochondrial targeting
sequence in IGFBPI (data not shown), means that
intracellular trafficking similar to what we describe for
IGFBP3 has not been previously demonstrated.

We also describe the initial description of endogen-
ous localization for IGFBP3 and its binding partner the
nuclear receptor Nur77 in the ER. Although we cannot
rule out that IGFBP3 presence in the ER is not
evidence of de novo ribosomal synthesis, complete
absence of other probed proteins (e.g. RXRa and
Hsp60) would argue against constitutive background
translation. Signaling pathways emanating from the
ER are involved in apoptosis initiated by stimuli as
diverse as ER stress, oncogene expression, death

Mitotracker Overlay

Overlay

Figure 4 Endogenous mitochondria and ER localization of IGFBP3. (A) 22RV1 prostate cancer cells were fractionated into lane 1,
mitochondrial fraction; lane 2, mitochondria-associated membranes (MAM); lane 3, endoplasmic reticulum (ER); and lane 4, pellet
from MAM. (b) Co-localization (yellow) of IGFBP3 (green) with mitochondrial (Mitotracker, red) and ER markers (PDI, red) by

immunofluouresence confocal microscopy.
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Figure 5 Prostate cancer xenografts internalize recombinant
human IGFBP3 (rhIGFBP3), which localizes to mitochondria
in vivo. 22RV1 CaP xenografts on SCID male mice were treated
with IGFBP3, mitochondria were isolated, and immunoblotted
for IGFBP3.

receptor ligation, and oxidative stress (Malhotra &
Kaufman 2007, Heath-Engel er al. 2008). Multiple
pathways may be involved in ER stress-initiated
apoptosis, including crosstalk with the mitochondria
(Hetz 2007). IGFBP3 has been associated with a rapid
increase in intracellular Ca®>" concentrations (Ricort
et al. 2002). The authors proposed the activation of a
G-coupled protein by IGFBP3 as this was a pertussis
toxin-sensitive pathway. However, radio-iodinated
IGFBP3 was utilized, and in our experience, it does
not internalize into cells (data not shown). As the ER
lumen represents that the major site of intracellular
Ca’" storage and release has been implicated in
ER:mitochondria apoptosis cross-talk (Scorrano et al.
2003), it is intriguing to speculate that IGFBP3
ER localization may have a role in this process.
The observation of IGFBP3 localization to the ER
and mitochondria may in part explain previous
observations that a nonsecreted mutant of
IGFBP3, that did not localize to the nucleus but
was primarily cytoplasmic, induced apoptosis
(Bhattacharyya et al. 2006).

Functional contacts between distinct organelles have
been identified and fractionated. For example, the
contact sites between ER and mitochondria are being
characterized as sites for exchange of calcium (Rizzuto
et al. 1998) and lipids (Stone & Vance 2000) between
these organelles. In all, ~5-20% of the mitochondrial
network surface within a cell is in close apposition to
the ER (Rizzuto et al. 1998). We have documented the
presence of IGFBP3 in MAM fraction, a subdomain of
the ER, which consists of membrane tubules that
provide direct physical contact between the ER and
mitochondria (Vance 1990). These connections, as
well as the ER and mitochondria organelles them-
selves, are quite variable and can undergo rapid
changes in overall morphology, size, and composition
(Bereiter-Hahn et al. 2008). Factors such as calcium
homeostasis, cell metabolism, and perceived stress can
have dramatic impact on both the form and function of
these organelles.

300

In summary, we have described extranuclear
trafficking of IGFBP3 and described mitochondrial
and ER localization in human prostate cancer cells.
IGFBP3 is well recognized to associate with cell
surface membranes (Yamanaka et al. 1999, Mishra
et al. 2004), and now, we have begun to characterize its
association with intracellular membrane-bound orga-
nelles. Further investigation into regulation of its
subcellular localization and trafficking may provide
insights into the molecular mechanisms by which it
induces apoptosis and provide further rationale for
translation as applied to cancer therapeutics.
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